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Chapter 2

Phenomenology of sterile neutrinos

In this Chapter, the phenomenological work done over the past four years on sterile

neutrinos is presented. The Chapter is divided into three sections:

e Section discusses the constraints on sterile neutrino mass hierarchies, ob-

tained from the observation of supernova neutrinos;

e Section discusses the constraints on the number of light sterile neutri-
nos, their masses and their mixings, achieved from a combined analysis of

accelerator-based and reactor-based short-baseline neutrino experiments;

e Section discusses the constraints on leptonic CP-violation in (3+2) sterile
neutrino models obtained from short-baseline neutrino experiments, and impli-
cations for the interpetation of the forthcoming MiniBooNE results on v, — v,

and (possibly) 7, — 7. oscillations.



2.1 Supernova neutrino experiments and the neu-

trino mass hierarchy

The very dense matter environment traversed by supernova neutrinos affects how
neutrinos are believed to oscillate among flavors: in this case, the neutrino mass hi-
erarchy, that is the ordering of the neutrino mass eigenvalues, plays a role. Under
certain approximations, it is possible to analytically derive the probability for muon
and tau neutrinos produced in supernova explosions to be detected as electron neu-
trinos on Earth, as a function of the neutrino mass hierarchy and mixing parameters.

Detailed simulation models of the neutrino transport in core-collapse supernova
explosions indicate different energy distributions for the electron, muon, and tau neu-
trino flavors at their surfaces of last scattering.

Electron neutrinos originated from the SN1987A supernova explosion that oc-
curred in the neighbourhood of our galaxy have been observed on Earth. Therefore,
the observation of the electron neutrino energy spectrum on Earth provides (model-
dependent) constraints on muon/tau neutrino transitions to electron neutrinos, and
therefore on the neutrino mass hierarchy and mixings.

The following paper (see Ref. [I] and references therein), written in collaboration
with J. Conrad, discusses these constraints for various sterile neutrino models. The
main result of the paper is that several sterile neutrino mass hierarchies are strongly
disfavored, based on the SN1987A observations, providing an experimental way to
constrain the large “phase space” of sterile neutrino models that are present in the

literature.
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The observation of the, energy spectrum from a supernova burst can provide constraints on neutrino
oscillations. We derive formulas for adiabatic oscillations of supernova antineutrinos for a variety of 3- and
4-neutrino mixing schemes and mass hierarchies which are consistent with the Liquid Scintillation Neutrino
Detector(LSND) evidence for?H—Je oscillations. Finally, we explore the constraints on these models and
LSND given by the supernova SN 1987A's observed by the Kamiokande-2 and IMB-3 detectors.
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I. INTRODUCTION We show that the extent of the spectrum modification de-
pends crucially on the specifics of the neutrino mixing

scheme and on the neutrino mass hierarchy under consider-

Ir_1 recent years, the treatment of neutrino transporj[ n th%ﬂion, and we derive the relevant formulas assuming an adia-
environment of a core-collapse supernd@&N\) explosion  patic propagation for the antineutrinos in the supernova en-

has improved to the point'of making.realistic predictions onyironment. Antineutrinos propagate adiabatically if the
the observables for neutrinos reaching the Egithd]. Of  yarying matter density they encounter changes slowly
particular interest for this paper are the average energies ghough so that transitions between lodaistantaneoys
the neutrinospheres, i.e. the surfaces of last scattering for th@amiltonian eigenstates can be neglected throughout the en-
neutrinos, estimated to be 10-13 MeV fay, 14—17 MeV tire antineutrino propagation. So far, neutrinos from one su-
for v,, 23—-27 MeV fo”’#,r;u,r [2,4]. pernova have been detected and _their energy measured: SN
The differences in temperatures between the various ned987A was observed by the Kamiokande-2 and IMB-3 de-
trino flavors can be qualitatively understood. Heavy-leptortectors. The overall 20 events seen by those two detectors
neutrinos can interact only via neutral currgiMC) pro-  have all been interpreted ag interactiong6]. We examine
cesses, the main contribution to their transport opacity comthe constraint of such observations on the LSND allowed
ing from neutrino-nucleon scattering, which dominates overegion of v, — v, oscillations[ 7], for various neutrino mass
neutrino-electron scattering. In addition to this same NC conand mixing models. If the LSND evidence is confirmed by
tribution, the transport opacity for,’s andv,'s depends also  the MiniBooNE experimen8], several models can be ex-
on the charged curre€C) absorptionse+n—p+e~ and  cluded or constrained on the basis of the observations of the

utpon+e*, respectively. Therefore, theve and supernova SN 1987A and possibly future supernovee.

ve-Spheres are located at larger radii with respect to the othq[ ADIABATIC OSCILLATIONS AND NEUTRINO MIXING

neutrinospheres, that is at lower densities and lower tempera- SCHEMES
tures. Moreover, in a neutron-rich environmeng+n—p -
+e~ dominates over?e+ pﬂn+e+: the emergentr's A. v, energy spectrum and the permutation factor

originate from layers farther outside the center of the star |, the presence of neutrino oscillations, ﬁeﬂux reach-
compared tov.’s, therefore at lower temperatures. The totaling the EarthF,_, can be different from the primary flux at
energy released in a S_N explosion is approxmgtely equipatye neutrinos
titioned between the different neutrino and antineutrino fla- ) } . , o .
vors[3] the energy of active antineutrinos is equally divided into the
. . . % 4 — =0

The above predictions can be confronted with the obserthree active flavors, i.e. thatodE, E, F, has the same
vation of the supernovas, energy spectrum detected on numerical value fow=e,u, 7. Moreover, we will also con-
Earth. Neutrino oscillations are expected to modify the specsider neutrino mixing models where the three active neutrino
trum since(E;, )<(E, ). The energy dependence of the species are augmented by a fourth sterile neutrino with no

m T . L .

neutrino cross section in the detector material, approximatel§tandard weak couplings: in those cases, we will assume that

‘Tjep“(Eje_ 1.29 MeV} [5], helps in making theTE energy he sterile component is negligible at production.

) . . . The neutrino flux reaching the Earth is
spectrum distortion a sensitive experimental probe to neu-
trino oscillations. This is because higher energy neutrinos Fr=(P, et pHe)FQ +peHng
interact significantly more than lower energy ones. € Vu Ve

pher&%. We will assume that, at production,
e

0 0
“[pF, +(1-p)F,] 1)
*Electronic address: sorel@fnal.gov
TElectronic address: conrad@fnal.gov where we have defined thgermutation factor s
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TABLE |. Adiabatic neutrino propagation in the SN ejecta for
p,u~>e+ pT*?e
p= D o Tp (2) the neutrino mixing models considered.
n—e T—€ e—e
- — — Model Hierarch Propagation
andp, ;.. are the probabilities for &,,, v, v, respec- y bag
tively at the neutrinosphere to oscillate inte@ In Egs.(1), ~ Normal(1+1+1) m3>m,>my v, g
(2), we have assumed thptis energy-independerias will a1y
be justified latey, and that(E;ﬂ)z(E;T). In Eq. (1), we ne- P
glect the (energy-independentproportionality factor since Normal (1+1) my>m, Zﬁjz

we will not deal with event rates, but only with neutrino —

energy distributions. Yo

9y LSND-inverted(1+1) m;>m, v, — vy

B. Neutrino propagation in the adiabatic approximation Ve— V2

I . Normal (2+1 mg>m,>m V.

In vacuum, the Hamiltonian that governs neutrino propa- 2+1) T Yus

gation is diagonal in the mass eigenstate bhsis V=2

Ve— V1

(Ho)ij =(y [Hol Vj> =E; 5ij - (©)) LSND-inverted(2+1) m;>mg>m, jﬂ_,jl

If the neutrinos all have the same relativistic momentum V= ls

p, their energieg; differ only by a term proportional to their Ve— V3

squared-mass differences, sifég=p+m?/2p. If U is the  Normal(2+2) m3=>my>m;=>Mmg v, — V3

unitary mixing matrix that relates the flavor eigenstdtes Vv,

to the mass eigenstates \lia,)=U | v;), the elements of pien

the vacuum Hamiltonian in the flavor basis are giver{ By =

Ve— Vo

. |2 LSND-inverted(2+2) m;>mg=>m;>m, jﬂ_,jl

(HO)a,BZUaiU,Biﬁ (4) s

. . . Vg— V3

where we have neglected the contributipd, ; in (Ho) .z, FSHE
. P . . . e

which is wreleilant for neutrino oscillations. Normal (3+1) My Ma>my>m, o

In matter, v.’s undergo coherent charged currg@C) £

_ . . _ V,— V3

forward-scattering from electrons, and all active flavor an T

tineutrinos coherent neutral currefiNC) forward-scattering Vs V2

from electrons, protons, and neutrons in the medium. These Ve— Vg

processes give rise to an interaction potendal V,+V;,, LSND-inverted(3+1) m;>m,>m;>m, ;;ﬁjs

which is diagonal in the flavor basis and proportional to the P

) T 2

matter densityp: - =

Vs— Vg

Gep Ve Vs

(V)aﬂ:Aam_Ngaﬁ (5)

whereA,, is a proportionality constant, in general different eigenstate with the biggest neutrino mass. In general, the
for a=e, u, 7, ors, Gg the Fermi constant, anthy the energy level order is maintained throughout the neutrino
nucleon mass. The relevant Hamiltonian for neutrino propapropagation in the SN ejecta. This is illustrated in Table | for
gation in matter is therefor=H,+ V. three neutrinos in the row labeled “normal t1L+1),”

At the neutrinosphere, the densitp is so high Where we have takeA,>Az>A, andmz>m;>m;.
(~10? g/cn? [1]) that the interaction potential dominates  For example, the probability for a, to emerge from the
over the vacuum I_-|ami|tonian, so that the propagation eigensy environment as EB is given by
states coincide with the flavor eigenstates. As the propaga-
tion eigenstates free-stream outwards, toward regions of

lower density, their flavor composition changes, ultimately Pa—p= vl U0 ) 2= KU givi U 0,) 2
reaching the flavor composition of the mass eigenstates in . ) 5
the vacuum. Given that the neutrinos escape the SN as mass =[U5i 614 "= Uil (6)

eigenstates, no further flavor oscillations occur on their path

to the Earth. , S _ whereU®° is the adiabatic evolution operator. In E@),
More specifically, making use of the adiabatic approxima-,e have used Table | to get

tion and of the fact that no energy-level crossing is permit-

ted, the flavor eigenstate at the neutrinosphere with the maxi- _ .

mum interaction potential reaches Earth as the mass (U0 v ) =6 ;. (7)

033009-2
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TABLE II. Results on the probabilitie®,, . .. for a v, .. to emerge from the SN as B, the
permutation factop of Eq. 2, and the LSND oscillation amplitude &), syp, for the various neutrino
mixing schemes considered.

Model MiXing  P,.e Pr.e Pee p Sirf29 sno
Normal (1+1) Eq.(10) sirPd 0  cogd Siréd sirf29=4p(1—p)
LSND-inverted(1+1) Eq.(10) cogd 0  sirfd cos9 sinf29=4p(1—p)
Normal (2+1) Eq.(11) 3242 142 1 a?l(1+ a?) 4a®=4p/(1-p)
LSND-inverted(2+1) Eq.(1) 1  3a® 3a® (1+3a®)/(1+a®) 4a?=4(1-p)/(p—3
Normal (2+2) Eq.(14  p? B? 1 48%/(1+482) 83%=2p/(1—p)
LSND-inverted(2+2) Eq.(14 3 i B? 1/(1+ B?) 83°=8(1-p)/p
Normal (3+1) Eq. (15 9 0 z 2v%1(1+297) 44282=26p/(1-p)
LSND-inverted(3+1) Eqg.(15 0 z e 1(1+247) 4+28%=28°(1-p)/p

This result can be immediately generalized to any numbef13] to constrain models explaining the solar and atmo-
of antineutrino generations. Also, as long as the adiabatispheric neutrino data; in this paper, we focus on 3 and
approximation is satisfied, the formula does not depend odA-neutrino models explaining the Liquid Scintillation Neu-
the specific dynamics for the neutrino propagation, for extrino Detector(LSND) data.
ample on the number and position in the SN environment of

Mikheyev-Smirnov-WolfensteiiMSW) resonances. We will C. Possible mixing schemes
comment more on the validity of the adiabatic approximation - - = = ] o
in the next section. The results for thev,,, v,, ve— v, adiabatic oscillation

In this paper, we consider three or four flavor compo-Probabilities, the permutation factpr and the LSND oscil-
nents, including a sterile one. At tree-level, the proportionalJation amplitude sif29 as a function of the mixing param-
ity factors A, in the interaction potential for neutral matter €ters and for the eight possible mass and mixing schemes
are[9,10] considered below are given in Table Il. The mass hierarchy

and the adiabatic propagation of the neutrino eigenstates for
these mixing schemes are depicted in Table I.
L The simplest possible mixing scheme is at(1) model

(1-3Ye)/\2 for v
A={ (1=YolV2  for

(0]

VurVrs (8)  explaining onlyvueje LSND oscillations in vacuum, and
0 for e, not the atmospheric or solar oscillations:
Ve cosd sind\ [ v,
whereY, is the electron fraction per nucleon. Following the — 71 Zsing coss/\ = | (10
assumptions of{10,11], we use Ye~—~(1+<E;e)/<EVe))*l Vu Y2

>1/3 at the neutrinosphere. Considering also_one-loo_p eleGihere the mixing anglé® can assume any value in the range
troweak radiative corrections, a difference in theand v, o< 9< /4.

interaction potentials of magnitudé\(—A,)/A,~10"* ap- We consider a (2 1) model motivated, for example, by
pears due to the difference in the charged lepton masse&spT-violating scenarios(see, e.g[14]), in which atmo-

[12,13. At the neutrinosphere, this second-order effect in thespheric and LSND oscillations in the antineutrino channel
interaction potential dominates over the vacuum Hamiltoniarare obtained via the mixingL5]:

terms (as long as|/m?—m?|<10 eV? for all i,j), and re-

moves the Z— v, degeneracy. Therefore, for the an- 1 }a _ \/_§a
tineutrino channel considered here, we take ~ 2 2 o
e 1
_ 1 3 _
A‘U.>AT>AS>Ae' (9) V,u = (62 E \/7— Va | . (11)
For the neutrino channel, one should substitiite —A in 77 \/§ 1 ;3
Eq. (8), and the order in Eq9) would be inverted. 0o - > 3

Therefore, given a specific neutrino mass and mixing
model, the permutation factor can be easily evaluated in the o ) -
adiabatic approximation, and its numerical value does not The matrix in Eq.(11) is chosen to ensure largg,— v,
depend on the neutrino energy. We will comment on possibl@ixing for atmospheric neutrinos (SB1Ju,=3/4), while
energy-dependent Earth matter effects in the next section. the LSND v,— v, mixing is fixed by the parametew
practice, one proceeds backwards: given a certain measur¢sin’2 & gyp="4a2).
value of p, it is possible to constrain possible models for The most popular models which explain the solar, atmo-
neutrino oscillations. This approach is used for example irspheric and LSND signaturdand the null results obtained

033009-3



MICHEL SOREL AND JANET CONRAD PHYSICAL REVIEW D66, 033009 (2002

by other experimenjsvia neutrino oscillations invoke the Another possible 4-neutrino model has aHB) hierar-
existence of a sterile neutrinps. One example of a (2 chy; as an example for this model, here we consider the

+2) model is the following, which is taken frofi6]: following mixing, which is also taken frorfil6]:
1 1
1 1 il _ 0 y
2 w07 R
73 1 1 5 P 7o 7e _ 1 E i S
- - — — 2 2
w| | 2 2 " ', 2
o B I I R M L - 2 2 5 °
> 7 7|\ " V2
1 1 1 5 1 1 5 1 1 s 1
0 0 -— — 200 T ZY ToHrom Y TS
2 V2 V2 V2
where one pair of nearly degenerate mass eigenstates has 71
maximal v.— v5 mixing for solar neutrinos and the other —
pair has maximab ,— v, mixing for atmospheric neutrinos. > 12 (15)

Small inter-doublet mixings through th@parameter accom- V3
modate the LSND result (st sno=852). —
Recent experimental resulfd7] show that purev,— vg V4
solar oscillations are excluded at high significance. We there- . _— :
. I ; where the solar and atmospheric oscillations are approxi-
fore consider a more general{2) scenario, in which solar X I i :
. S mately described by oscillations of three active neutrinos,
neutrinos can undergo any combination if— v¢ and v, R —
— v, oscillations, while atmospheric neutrinos can undergg®"d the LSND result by a coupling of, and v, through
any combination ofy,— v, and v,—vs oscillations. We small mixings with v that has a mass eigenvalue widely
follow the procedure ifi18] to obtain this more general mix- separated from the others (QWLSND=47252)- For the (3
ing starting from Eq(12), by substituting the &, »,) states T 1) scenario, the constraint given by the permutation prob-
with the rotated states?g 7)_ ability p is not sufficient to determine the LSND oscillation
e amplitude siR29; gyp. Therefore, the constraint ofJ 4|2
— = §2 given by the CDHS and Super-K experiments will also
Vs 13 be used, as explained later.
» (13 We should note that the mixing matrices defined in Egs.
(10—(15) are approximations in the sense that the matrices

where the rotation angles fixes the sterile component in the are unitary only up to orded(e, 3, y.9). These are the pa-

: : rameters in the mixings responsible for LSND-type oscilla-
< . - . .
gér;o;phenc doublet (@ ¢s=/2). Equation(12) then be tions, which we let float for our analysis, but we know they

are small.
In order to determine the permutation factor for the mix-

!

I ( COSps  Sineq
VT

| —sings coses

COSps COS¢s  SINps SN ing models, we also need to specify the neutrino mass hier-
J2 J2 J2 J2 archy. In this paper, we consider for each mixing model both

— — the cases of “normal” and “LSND-inverted” mass hierar-
Vs 211 B B Yo chies. By “normal” hierarchy, here we mean thaf>m; for
Ve V2 2 121 i>j, wherem; is the mass eigenvalue for the;) state. We
— | = — define the “LSND-inverted” hierarchies as the ones obtained
v, 1 1 Vo I _ - - -
ot B -B _ _ e substitutingAm, sno— — Amy_snp in the normal hierarchies,
v, V2 V2 v without changing the hierarchy of the eventual solar and at-

mospheric splittinggsee Table )i Am, snp iS the neutrino
mass difference responsible for LSND oscillations.
V2 2 V2 V2 A common feature to all the mixing schemes is apparent
(14 in Table Il. In the adiabatic approximation, normal mass hi-
erarchies predict small permutation factors, while an almost
which contains Eq(12) in the specific cases=0. We note  complete permutation would be present for LSND-inverted
that the LSND oscillation amplitude formula &89, g\p  hierarchies.

sings  Singg COSps  COS@g

=8 holds also for the more general case of Fif), and Given the specific neutrino mixing models considered
that our results are independent of the valuggfsee Table here, we can now partially address the question whether the
. adiabatic approximation is applicable in this context. At a

033009-4
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-~ or n-neutrino model, we plotE;;,;=E;—E;;;, where i
T L ) b) =1,...n—1; the eigenvalues are ordered such tEat
o A >E,> ...>E,. Clearly, a resonance corresponds to a local
8% _5 :_J ﬁ/ minimum in one of the curves. As can be seen from Fig. 1,
- - all the resonancefexcept the inconsequential one in Fig.
-2 1(f) betweenv,, and v, [19]] lie at densities well below the
o stalled shock-wave density gf~10°—10'° g/cn?. There-
- <) 9 fore, the impact of level crossing between propagation eigen-
4 p . states is likely to be small even where the neutrinos encoun-
C .- - ter the shock-wave.
= AN L 1 If the SN neutrinos cross the Earth on their way to the

detector, as for example happened for the SN 19&{A
detected by the Kamiokande-2 and IMB-3 detectors, it is
f) also necessary to evaluate the importance of Earth matter
effects in the neutrino propagation. Clearly, for neutrino os-
cillation models where no solar splitting is involvdr ex-
ample the (#1) and (2+1) models in this papér this
effect is negligible. In the models where such a splitting is
allowed [i.e. the (2+2) and (3+1) models considered
herd, the situation is more complicated. However, the Earth
matter effects have been shown to be small in this case as

well for a large fraction of the Sh—le energy spectrurfbelow
; =40 MeV) [13,20, and for the sake of simplicity will not be
considered further.

TT
O
=

#

.................

IIIIlI
>

N

_ -1--1"'|'||||| pea el
12 4 g8 12 0 4 8 12

logi(p(g/cm™)

o

I1l. CONSTRAINTS ON LSND FROM SN 1987A

FIG. 1. Splittings between energy eigenvalues versus matter OBSERVATIONS
density p for various neutrino mass and mixing models. Solid, _
dashed, dotted lines show the splittirs,, E,3, Es4, respectively Twenty v, events from the supernova SN 1987A were
(see text The local minima correspond to MSW-resonances.observed by the Kamiokande{Ram-2) and IMB-3 detec-
Model (a) normal(1+1); (b) inverted(1+1); (c) normal(2+1); (d)  tors. Kam-2 saw 12 events with an average energy of
inverted (2+1); (e) normal (2+2); (f) inverted (2+2); (g) normal  (E;.»=14.7 MeV, IMB-3 (which had a higher energy
(3+1); (h) inverted(3+1). Apart from the inconsequential,—v,  threshold than Kamj2 detected 8 events with(Egey)
one in(f), no MSW-resonances occur before the antineutrinos reack=31.9 MeV[21].
the stalled shock-wavghatched arga From a comparison of the measured energy speét@)(

. . . . .0 0
resonance, where the nonadiabaticity is maximal, this is $th theoretical models of neutrino emissiof,{ andF, ),

good approximation if the width of the resonance region isit is possible to infer the permutation factpiin Eg. (1). SN
large compared with the local neutrino oscillation length.1987A observations are consistent with no-oscillatidires
The width of the resonance is, in turn, determined by thgp=0). In Appendix A, we derive a conservative upper
characteristic length scale of the radial matter density variabound on p of p<0.22 at 99% C.L., by applying a
tions at the resonance. While there are reliable models for thkholmogorov-Smirnov test on the joint Kam-IMB dataset
matter density profile of the progenitor star, there are stilland a range of supernova neutrino emission models.
uncertainties on the profile seen by neutrinos in their free- One important result of our analysis is immediately ap-
streaming propagation. parent from the values of the permutation facioes a func-

It is now thought that neutrino heating of the proto- tion of the mixing parameters in Table Il, and from the fact
neutron star mantle drives the supernova explosion, whicthat the value ofp inferred from SN 1987A data has to be
would happen with a-1 s delay after the creation of the less than 0.22 at 99% C.L. The four mixing schemes consid-
shock-wave, ultimately responsible for the explosion; duringered, explaining the LSND effect via a LSND-inverted neu-
this delay, the shock-wave would be stalled at a radius ofrino mass hierarchy, are all incompatible with SN 1987A
~200 km from the neutron star, corresponding to a densitylata.
p~10°—10% g/cn? [1]. Therefore, the density profile inthe ~ We now consider the normal hierarchy cases. For the (1
proximity of the stalled shock-wave, which is difficult to +1), (2+1) and (2+2) models with the mixings of Egs.
model reliably, is a potential site for nonadiabatic oscilla-(10)—(12), the bound on the permutation facforunambig-
tions. ously determines the constraint on the LSND oscillation am-

In Fig. 1 we show the energy splittings between the locabplitude sirf29 syp (see Table Ii. At 99% C.L., SN 1987A
neutrino energy eigenvalu&s, as a function of matter den- data provide no constraints on the{2) model, and a con-
sity, for all eight neutrino models considered here. For arstraint which is weaker than existing bounds from the accel-
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FIG. 2. 99% C.L. LSND allowed regiof¥] and 99% C.L. exclusion regions for the neutrino mixing schemes considered in the text and
with normal mass hierarchy. The exclusion regions are estimated [@6]in(a) shows the exclusion regions for the{1), (2+1) and
(2+2) models,(b) for the (3+1) model. The exclusion regions refer to experimental data from the following experinf@rimtted line:
KARMEN; dashed line: Bugey; dark solid line: SN 1987A for the{2) model; light solid line: SN 1987 for the (11) model; SN 1987A
data provide no constraints at 99% C.L. for theH2) model.(b) Dotted line: KARMEN; dashed line: Bugey, CDHS and Super-K; solid
line: SN 1987A, CDHS and Super-K.

erator experiment KARMEN23] and the reactor experiment ibility between the SN 1987A data and the LSND evidence
Bugey[24,25 for the (1+1) and (2+2) models[see Fig. forjﬂ_Je oscillations.
2(a)]. Therefore, these models are compatible with the SN \we have provided specific relations for the permutation
1987A data. ) factor, which gives the admixture of a higher energy flux to
As already mentioned, for the (81) model, the permu- th qinal v, f i duction fromy.. .. i
tation factor does not fully determine the LSND oscillation < °N9inave TiUX at production fromv,, , v.— ve 0SClia-
tions, for various neutrino mass and mixing models. The per-

|aLrJn p'l'ﬁidgé SlglaezrgL\fv'\(‘ansiptehrfrsnznOt Sjr:alge?lrz’er?tu fzoarig'a(i)r?ts mutation factor may be measurable with good accuracy in
na : _ LSND i future supernova experiments.
on 6° from the v,,-disappearance experiments CDHIBr Based on SN 1987A data only, which seem to indicate a
Amigyp>0.3 eV) and Super-K(for AmZgyp<0.3 V%)  small (if nonzerd value for the permutation factor, we are
[25]. Moreover, another complication arises in evaluating exable to exclude all of the four models considered which
clusion regions fof3+1) models: given the 99% C.L. upper would explain the LSND signal via a “LSND-inverted” neu-
bounds ony?=|U,|? from SN 1987A ands*=|U%,| from  trino mass hierarchy, as defined in the text. For the normal
CDHS and Super-K, what is the 99% C.L. upper bound ormass hierarchy schemes considered, SN 1987A data do not
Sinf29, sno=4726>? We follow the method described j@6] provide any stronger constraints on the LSND allowed re-
to estimate this bound. The same method is applied to estgion for oscillations than those already obtained with reactor,
mate the 99% C.L. upper limit on &, sp coming from  accelerator and atmospheric neutrinos; additional experimen-
Bugey (for y?) and CDHS and Super-Kfor 6%), that is  tal input is necessary to unambiguously discern the neutrino
without using the SN 1987A data. The results for the (3mass and mixing properties. Undoubtedly, the detection of
+1) model with normal neutrino mass hierarchy and mixing

given by Eq/(15) are shown in Fig. @). Also for this model,  1agLE 111 Summary of the SN 1987A constraints on the
we find that existing constraintthe Bugey constraint 08, | SND allowed region, for the various models considered in this
in this casg are stronger than the SN 1987A one. aper; see Fig. 2 also.
Table Il summarizes the SN 1987A constraints obtainecf
in this paper on the LSND allowed region, for the variousmodel SN 1987A constraint on
neutrino mass and mixing models considered. LSND region (99% C.L).
Normal (1+1) partially excludedFig. 2(a)]
IV. CONCLUSIONS LSND-inverted (1“‘ 1) excluded
Normal (2+1) unconstrained
We have investigated the effect that 3- and 4-neutrinq_snD-inverted (2+ 1) excluded
oscillation schemes would have in modifying the energynormal (2+2) partially excludedFig. 2(8)]
spectrum of supernovg’s. Throughout the paper, we apply LSND-inverted (2+2) excluded
the adiabatic approximation for the antineutrino propagatiorNormal (3+1) partially excludedFig. 2(b)]
in the supernova environment and neglect Earth matter ef-sND-inverted (3 1) excluded

fects. Moreover, we have used our results to test the compat
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supernova neutrinos by present or near-term experiments
[27] would prove very useful in this respect.
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APPENDIX: UPPER BOUNDS ON THE PERMUTATION
FACTOR FROM SN 1987A DATA

In this appendix, we discuss the statistical methodology 13 14 15 16 7
and the physics assumptions used to estimate the upper v, Average Energy (MeV)
bound on the permutation factgr quoted in the textp o
<0.22 at 99% C.L. We use the same statistical methodology 'G- 3. Solid lines: isocontours for thepper boundson the
as in[22], that is we use the Kholmogorov-Smirnov test On%,)ermutatlon factop at 99% C.L. obtained from SN 1987A data, as
the joint Kam-IMB dataset to derive the upper bound. Most2 function of thev, andv,, average e_nergies predicted at production
of the physics assumptions are identical to thosg28j. by supernova models; rectangle with dashed border: range of ener-

The expected energy spectrum for the positrons observeres allowed by present models; cross: model chosen to derive the

. . . - (conservative upper bound onp used in the text. The region
in the Kamiokande and IMB detectors via the reactigp (E;)>16.6 MeV is excluded at 99% C.L. for all values f

—e'n, is

Npi (* Where<E;a>~—~3.15I'a at the denominator ensures energy eq-

Ni(Eged = 4—[')2f0 dE,Pi(Eget.E+) uipartition.
m The cumulative distribution function used for the
X 70i(E 1) oy p(E +Q)F, (E, +Q) Kholmogorov-Smirnov test is
(A1) _
det

wherei refers to either Kam or IMBN,; is the number of F(Eger = fo dE[nkam(E)+nims(E)].  (A3)

target protons in the detector®, the distance between the
Large Magellanic Cloud and the Earthye; (E ) is the de-
tected(true) positron energyQ=m,—m,=1.29 MeV=E, Figure 3 shows the upper bound on the permutation factor
—E,, Pi(Eger,E+), and ny;(E;) the energy resolution p obtained from SN 1987A data, at 99% C.L., as a function
functions and efficiency curves taken froi8], o, ,(E,  of the average energi¢k, ), (E; ). As expected, the bound
+Q)=E? the neutrino interaction cross section taken frombecomes more stringent for supernova models in which the
[5] (neglecting nuclear recojland finallyF; (E, +Q) the  neutrino average energies are higher. SN 1987A data are in-
neutrino flux at the detector taken from E((ie) We assume compatible at 99% C.L. with all supernova neutrino models
“unpinched” Fermi-Dirac distributions for the fluxeE> predlctlng<Eve>>16.6 MeV, for all values op and<EVﬂ>'
Va We adopt a conservative approach, and quote as the upper

bound onp the largest value for supernova neutrino models
£2 in the range 14(E, )<17 MeV, 2K<E;M><27 MeV,
(A2) that is the one corresponding 1<cE76>=14 MeV, (E;})

=23 MeV (cross in Fig. 3.

a=e,u, appearing in Eq(1):

0
F2(E)e
Va( ) <E:a>Ti(eE/Ta+ 1)
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11
2.2 Short-baseline neutrino experiments and the

number of neutrino species

As discussed in the previous Chapter, if the LSND observation of the 7, excess in a
v, neutrino beam is to be interpreted as v, — 7, oscillations, then additional, ster-
ile neutrino species may be required to explain all of the experimental evidence on
neutrino oscillations. Within these assumptions, short-baseline neutrino oscillation
experiments provide constraints on the number of light sterile neutrino species, their
masses and their mixings.

In the following paper (see Ref. [2] and references therein), written in collabo-
ration with J. Conrad and M. Shaevitz, the constraints on sterile neutrino models
from a combined analysis of several accelerator-based and reactor-based searches for
v, — Uy, Ve — Ve, and v, — v, oscillations at short baselines are presented. Neutrino
models involving both one and two additional sterile neutrinos are studied. The first
main result of this analysis is that (3+2) sterile neutrino models are significantly
favored over (3+1) models. The second main result of the analysis is an estimate of
the most likely and allowed values for the neutrino mass splittings and mixing matrix
elements affecting the three oscillation channels listed above at short baselines, for
both (3+1) and (3+2) models.

These results provide some guidance for present and future short-baseline oscilla-
tion searches, as well as for neutrino model building. In particular, this phenomenolog-
ical work is of direct relevance to the MiniBooNE v,, disappearance analysis presented
later in this thesis, and shows that sterile neutrino models may predict large (up to

~30%) v, disappearance in the Am? range probed by the MiniBooNE experiment.
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Combined analysis of short-baseline neutrino experiments in the (3 + 1) and (3 + 2) sterile
neutrino oscillation hypotheses
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We investigate adding two sterile neutrinos to resolve the apparent tension existing between short-
baseline neutrino oscillation results and CPT-conserving, four-neutrino oscillation models. For both
(3 + 1) and (3 + 2) models, the level of statistical compatibility between the combined dataset from the
null short-baseline experiments Bugey, CHOOZ, CCFR84, CDHS, KARMEN, and NOMAD, on the
one hand; and the LSND dataset, on the other, is computed. A combined analysis of all seven short-
baseline experiments, including LSND, is also performed, to obtain the favored regions in neutrino
mass and mixing parameter space for both models. Finally, four statistical tests to compare the (3 + 1)
and the (3 + 2) hypotheses are discussed. All tests show that (3 + 2) models fit the existing short-
baseline data significantly better than (3 + 1) models.

DOI: 10.1103/PhysRevD.70.073004

I. INTRODUCTION

There currently exist three experimental signatures
for neutrino oscillations. The two signatures seen origi-
nally in solar and atmospheric neutrinos have been veri-
fied by several experiments, including experiments
carried out with accelerator and nuclear reactor sources.
The results on atmospheric neutrinos can be explained by
v, disappearance due to oscillations [1-3], while those
on solar neutrinos can be explained by v, oscillations
[4,5]. The third signature is 7, appearance in a v, beam,
observed by the short-baseline, accelerator-based LSND
experiment at Los Alamos [6]. This signature is strong
from a statistical point of view, being a 3.80 excess, but
further confirmation by an independent experiment is
necessary. The MiniBooNE experiment at Fermilab
will be able to confirm or refute the LSND signature in
the near future, with an experimental setup provid-
ing different systematics and higher statistics than
LSND [7].

Taken at face value, the three experimental signatures
point to three independent mass splittings. Three neutrino
masses do not appear to be able to explain all of the three
signatures [8,9] (see, however, [10]). One way to solve this
puzzle is to introduce different mass spectra for the
neutrino and antineutrino sector, thereby requiring CPT
violation but no extra neutrino generations [11]. Another
possibility is to add additional neutrinos with no standard
weak couplings, often called “‘sterile neutrinos.”

In this paper we assume CPT and CP invariance, and
we explore the possibility of adding one- or two-neutrino
generations beyond the three active flavors assumed by
the Standard Model. We focus on extensions of the neu-
trino sector where the addition of fourth and fifth mass

*Electronic address: sorel @nevis.columbia.edu
"Electronic address: conrad @nevis.columbia.edu
*Electronic address: shaevitz@nevis.columbia.edu

1550-7998/2004 /70(7)/073004(16)$22.50
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PACS numbers: 14.60.Pq, 12.15.Ff, 14.60.St

eigenstates are responsible for the high Am?> LSND os-
cillations, and the three lower mass states explain solar
and atmospheric oscillations. When only one sterile neu-
trino is added, these models are labeled as (3 + 1). The
flavor content of the four-neutrino mass eigenstates for
these models is schematically shown in Fig. 1(a). The (3 +
1) hierarchy in Fig. 1(a) is as opposed to the (2 + 2)
hierarchy, where the solar and atmospheric mass split-
tings are separated from each other by the LSND Am?.
The (2 + 2) models require a different global analysis
from the one discussed in this paper. The simplest (2 +
2) models appear to be only marginally consistent with
neutrino oscillations data [8,12], even though more gen-
eral (2 + 2) mass and mixing scenarios might represent a
viable solution to explain solar, atmospheric, and LSND
oscillations [13].

The (3 + 1) models are motivated by the criterion of
simplicity in physics, introducing the most minimal ex-
tension to the Standard Model that explains the experi-
mental evidence. However, theories invoking sterile
neutrinos to explain the origin of neutrino masses do
not necessarily require only one sterile neutrino.
Indeed, many popular realizations of the see-saw mecha-
nism introduce three right-handed neutrino fields [14—
16]. In particular, (3 + 2) neutrino mass and mixing
models can be obtained in several see-saw mechanisms
[17]. From the phenomenological point of view, it is our
opinion that two- and three-sterile neutrino models
should also be considered and confronted with existing
experimental results. In this paper, we consider the results
from the short-baseline experiments Bugey [18], CCFR84
[19], CDHS [20], CHOOZ [21], KARMEN [22], LSND
[6], and NOMAD [23], and examine how well (3 + 1) and
(3 + 2) models agree with data. A schematic diagram for
(3 + 2) models is shown in Fig. 1(b). We do not consider
(3 + 3) models in this paper. From our initial studies, we
believe that the phenomenology of a (3 + 3) model is
similar to a (3 + 2) model.

© 2004 The American Physical Society
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FIG. 1.
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Flavor content of neutrino mass eigenstates in (3 + 1) models (a), and (3 + 2) models (b). Neutrino masses increase from

bottom to top. The v, fractions are indicated by right-leaning hatches, the v, fractions by left-leaning hatches, the v, fractions by
crosshatches, and the v, fractions by no hatches. The flavor contents shown are schematic only.

The paper is organized as follows. In Sec. II, we
specify the neutrino oscillations formalism used in this
analysis to describe (3 + 1) and (3 + 2) short-baseline
oscillations. In Sec. IIT and IV, we present the results
obtained for the (3 + 1) and (3 + 2) models, respectively.
For both models, we first derive the level of compatibility
between the null short-baseline (NSBL) experiments and
LSND. Second, we perform a combined analysis of all
seven short-baseline experiments (including LSND) to
derive the preferred regions in neutrino mass and mixing
parameter space. In Sec.V, we discuss four statistical tests
to compare the (3 + 1) and (3 + 2) hypotheses. In Sec. VI,
we briefly mention other experimental constraints on
(3 + 1) and (3 + 2) models. In the Appendix, we describe
the physics and statistical assumptions used in the analy-
sis to describe the short-baseline experiments.

IL NEUTRINO OSCILLATIONS FORMALISM

Under the assumptions of CP and CPT invariance, the
probability for a neutrino, produced with flavor & and
energy E, to be detected as a neutrino of flavor 8 after
travelling a distance L, is [24]

n
P(Va i VB) = 8(13 - 42 Ua,jUﬁ,jUa,iUB,iSinzxji, (1)

=

where a = e, u, 7, s (s being the sterile flavor); U is the
unitary neutrino mixing matrix; x; = 1.27Am]2-iL/E;
Am3; = m7 — m7; and n is the number of neutrino gen-
erations. Neglecting CP-violating phases, there are in
general (n — 1) independent mass splittings, and n*> —
n — n(n — 1)/2 independent mixing matrix elements.
The situation simplifies considerably by considering
short-baseline (SBL) data only. In this case, it is a good
approximation to assume x,; = x3, = 0, and only (n — 3)
independent mass splittings are present. Moreover, given

the set of SBL experiments considered, the number of

mixing matrix elements probed is only 2(n — 3), as we
show now for the (3 + 1) and (3 + 2) cases.

For (3 + 1) models, n = 4, and only one mass splitting
Am? = Amj; =~ Am3, ~ Am3, appears in the oscillation
formula: this is sometimes referred to as to the “quasi two
neutrino approximation,” or ‘“‘one mass scale domi-
nance” [25]. Using the unitarity properties of the mixing
matrix, we can rewrite Eq. (1) for (3 + 1) models in a
more convenient way

P(vy — vg) = 8ap — 4UnsUps(80p — UnaUpy)sin®xy,,
(2)

which depends on the mass splitting (Am3,) and mixing
parameters (Ugyy, Upy) of the fourth generation only.
Since the two neutrino approximation is satisfied in the
(3 + 1) case, we can express Eq. (2) in the usual forms

P(v, — vp) = sin*20,,psin’xy;, & # B, 3)

P(v, — v,) = 1 —sin?26,,,sin’x,,, 4)

where Eq. (3) applies to an oscillation appearance mea-
surement, Eq. (4) to a disappearance measurement.

In this paper, we use the data from the Bugey, CCFR84,
CDHS, CHOOZ, KARMEN, LSND, and NOMAD ex-
periments. Bugey and CHOOZ data constrain v, disap-
pearance; CCFR84 and CDHS data constrain v,
disappearance; and KARMEN, LSND, and NOMAD
data constrain v, — v, oscillations. Therefore, from
Egs. (2)—-(4), the experiments constrain the following
combinations of (3 + 1) mixing parameters:

(i) Bugey, CHOOZ: sin?20,, = 4U% (1 — U?,);
(i) CCFR84, CDHS: sin?26,,,, = 4Ui4(1 — Ufm);
(iii) KARMEN, LSND, NOMAD: sin®20,, =
402,02,
In (3 + 1) models, the tension between the experimental
results comes about because Bugey, CHOOZ, CCFR&4,
CDHS, KARMEN, and NOMAD limit the two
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independent mixing matrix parameters U,4 and U4 to be small, whereas LSND demands nonzero values.
In (3 + 2) models, we introduce two sterile neutrinos. Using Eq. (1) and the unitarity of the mixing matrix, the
(3 + 2) neutrino oscillation probability formula can be written

P(ry— vg) = 845 — 4(80p — UasUps — UasUpgs)(UaaUpgasin®xyy + UysUgssinxs)) + UqaUasUpsU gssinxs, | =
= Saﬁ + 4[U§4(U%4 - 6aﬂ)SiHZX41 + U%{S(U%S - 5aﬁ)sin2x51 + Ua4UB4Ua5UB5(Sin2.X41 + sin2x51 - sin2x54)],

which in our case depends on two independent mass
splittings (Amj;, Am%,) and four independent mixing
matrix  parameters (Ug4, U,s, With a =e¢, u).
Equation (2) can be recovered from Eq. (5) by requiring
Uus = Ugs = 0. In (3 + 2) models, the quasi two neu-
trino approximation is not valid, since there are three
distinct Am? values contributing in the oscillation for-
mula: Am3,, Am?,, and Am2,, and therefore three distinct
oscillation amplitudes: (sin®26,4)4;, (sin®26,4)s;, and
(Sin220a5)54.

We now comment on the Monte Carlo method used to
apply the above oscillation formalism to the analyses
presented in this paper. We require the neutrino mass
splittings to be in the range 0.1 eV> = Am3,, Am?, =
100 eV2, with Am2, = Amj,. Each mass splitting range
is analyzed over a 200 point grid, uniformly in log,oAm?.
In Sec. VI, we briefly discuss why large mass splittings are
not necessarily in contradiction with cosmological (and
other) data. The values of the mixing parameters, U,q,
U4, U,s, and U 5, are randomly generated over a four-
dimensional space satisfying the four requirements:
U, + U, =05,Uz, + Uss =05, where i = 4,5, a =
e, w. These four inequalities are introduced to account for
the fact that large electron and muon flavor fractions in
the fourth and fifth mass eigenstates are not allowed by
solar and atmospheric neutrino data. In principle, since
the CDHS constraint on v, disappearance vanishes for
Am? ~ 0.3 eV?, as shown in the Appendix, the upper
limit on », disappearance from atmospheric neutrino
experiments above the atmospheric Am? should be con-
sidered instead. In this paper, we do not reconstruct the
likelihood for atmospheric data that would give the ex-
clusion region for v, disappearance in the range
Am?,,, < Am? < 0.3 eV2. However, the effect that the
atmospheric constraints would have on our results is
expected to be small. For example, in Ref [26],
Bilenky et al use the atmospheric up-down asymmetry
to derive the upper limit Ufm < 0.55 at 90% CL for (3 +
1) models, which is satisfied by our initial requirements
Uy + U, <05U;, +U,5<05 A more recent
analysis [27] of atmospheric neutrino data using the full
zenith angle distribution provides a tighter constraint on
sin%6 up than the one given in Ref. [26]; the impact of this
additional constraint on our SBL analysis is discussed in
Sections III and VL Finally, from Egs. (2), it is clear that
the relative sign of both U, and U 4 cannot be inferred

&)

‘in (3 + 1) oscillations. Similarly, from Eq. (5), the only
physically observable relative sign between mixing pa-
rameters in  CP-conserving (3 +2) models is
sign(U,4U ,4U,5U ,5); therefore, this is the only sign re-
lated to mixing parameters that we randomly generate in
the analysis.

Throughout the paper, we make use of the Gaussian
approximation in determining allowed regions in pa-
rameter space. In general, this means that the regions of
quoted confidence level are the ones enclosed by contours
of constant y? values, whose differences with respect to
the best-fit > value depend on the number of free pa-
rameters in the model [28]. In the text, we use the symbol
o6 to denote the values of the confidence levels derived in
this way. As pointed out in [29], this approach should be
considered approximate, as it may provide regions in
parameter space of both higher and lower confidence
than the one quoted. Regions of higher confidence than
the quoted value may result from the presence of highly
correlated parameters. Regions of lower confidence may
result from the presence of fast oscillatory behavior of the
oscillation probability formula, Eq. (1).

ITI. RESULTS FOR (3 + 1) MODELS

This section, like the next one on (3 + 2) models,
consists of two parts. First, we quantify the statistical
compatibility between the NSBL and LSND results, fol-
lowing a method described in [30,31], originally proposed
to establish the compatibility between the LSND and
KARMEN results. Second, we perform a combined
analysis of the NSBL and LSND datasets, to obtain the
favored regions in neutrino mass and mixing parameter
space.

A. Statistical compatibility between NSBL and LSND

Many analyses of the NSBL experiments within(3 + 1)
models have concluded that the allowed LSND region is
largely excluded [32—-34]. Here, we repeat this study with
two purposes. First, we use this study to give context to
our discussion of the basic model and techniques which
will be expanded in later sections. Second, we demon-
strate that our fit, which forms the basis of our new results
for (3 + 2) models, reproduces the expected (3 + 1) ex-
clusion region. For a discussion of the physics and statis-
tical assumptions used to describe the short-baseline
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experiments used in the analysis, the reader should refer
to the Appendix.

In this section, the NSBL and LSND datasets are
analyzed separately, providing two independent allowed
regions in (sin*26,,, Am?) space. The level of statistical
compatibility between the two datasets can be deter-
mined by studying to what degree the two allowed re-
gions overlap, as will be quantified later in this section.

For each randomly generated (3 + 1) model, we calcu-
late the values for the y? functions x%gsp; and x?qups
where x%gp; is defined as

X12\ISBL = X]23ugey + X%HOOZ + X%CFR84 + X%DHS
+ XiarmeN T XRoMAD. (©)

For the analysis described in this section, the NSBL
and LSND allowed regions are obtained using two differ-
ent algorithms, reflecting the fact that the NSBL dataset
provides upper limits on oscillations, while the LSND
dataset points to non-null oscillations.

The NSBL allowed regions at various confidence levels
Onsgl, are obtained via a raster scan algorithm [29]. Let
X¥spr be the x? value for the particular model and
(XZ&sBL)min, Am? De the minimum y? for the Am? value
considered. For example, our quoted 95% CL upper limit
on sin’26 we 18 given by the maximum value for the
product 4U2, Ui4 chosen among the models which satisfy
the inequality x%spr — (X&spL)min, am? < 5.99. The value
of 5.99 units of y? is chosen because there are two free

PHYSICAL REVIEW D 70 073004

parameters U,4, U,y for (3 + 1) models with fixed Am?.
We note that even for the NSBL dataset, the parameters
Ues, Uyy can be correlated, since the KARMEN and
NOMAD results probe a combination of the two
parameters.

The LSND allowed regions at various confidence
levels Opgnp are obtained via a global scan algorithm
[29]. For example, for 8; gxp = 0.95 we require x7gnp —
(X2 snp)min < 5.99, where (x7snp)min 1S Now the global
LSND x? minimum value, considering all possible Am?
values. The LSND allowed region is computed for two
free parameters as for the NSBL case, but the parameters
are now Am? and U,4U,4, as opposed to U,y and Uy.
Compared to the NSBL case, the number of free parame-
ters is reduced by one because the LSND 7, — 7, search
only probes the product U, 4U,4 and not the two mixing
matrix elements individually, and it is increased by one
because the allowed region is now obtained by scanning
over all possible Am? values.

The regions allowed in (sin®26,,, Am?) parameter
space by both the NSBL and LSND datasets are shown
in Fig. 2(a). The NSBL allowed regions shown are two-
dimensional projections of three-dimensional allowed
regions in (Am? U, U,,) space. The NSBL results
alone allow the regions to the left of the solid gray,
dotted black, and solid black lines in the Fig. 2(a), at a
confidence level dnggr, = 0.90, 0.95 ,0.99, respectively.
In Fig. 2(a), the oy gnp = 0.90, 0.95, 0.99 CL allowed
regions obtained by our analysis for LSND data are also
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NE | | 1
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P | | | | | |

0 0.2 0.4 125 135 0 15
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FIG. 2. Compatibility between the NSBL and LSND datasets in (3 + 1) models. Figure (a) shows the 90% ( gray solid line), 95%

(black dotted line), and 99% (black solid line) CL exclusion curves in (sin?26

uer Am?) space for (3 + 1) models, considering the

null short-baseline (NSBL) experiments Bugey, CCFR84, CDHS, CHOOZ, KARMEN, and NOMAD. Figure (b) also shows the
90%, 95%, and 99% CL allowed regions by our analysis of LSND data. Figure (b) is as Figure (a), but in (pgnp, Am?) space,
where ppgnp is the LSND oscillation probability (see text for the definition). Figures (c) and (d) show the minimum x? values as a
function of Am? for the NSBL and LSND datasets (143 and three d.o.f., respectively).
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shown, as dark gray shaded, light gray shaded, and white
areas, respectively. We find no overlap between the two
individual 95% CL allowed regions; on the other hand,
there is overlap between the two 99% CL regions.

Figure 2(b) shows the same (3 + 1) allowed regions as
Fig. 2(a) but in the (p snp, Am?) plane, where pygnp is
defined as the v, — v, oscillation probability averaged
over the LSND L/E distribution

pLsnp = (P(v, — v,)), (7

where P(v,, — v,) is givenby Eq. (1) fora = u, B =e,
and is a function of all the mass and mixing parameters of
the oscillation model under consideration. This has the
obvious disadvantage of being a quantity dependent upon
the specifics of a certain experiment, as opposed to a
universal variable such as sin’26,, = 4U},U,.
However, p;snp has the advantage of being unambigu-
ously defined for any number of neutrino generations, and
thus is useful in discussing (3 + 2) models later in this
paper. As stated previously, the oscillation probability
estimator sin°26,,, = 4U>,U7, cannot be used when
more than one Am? value affects the oscillation proba-
bility, as is the case for (3 + 2) models. A second advan-
tage of using p; gnp instead of sin®26 ue as the oscillation
probability estimator, is that the allowed values for p; gnp
inferred from the LSND result tend to be almost Am?—
independent (see gray-shaded areas in Fig. 2(b)), as ex-
pected for an almost pure counting experiment such as
LSND. The oscillation probability reported by the LSND
collaboration [6] is ppsnp = (0.264 = 0.067 = 0.045)%,
and agrees well with our result of Fig. 2(b).

Figure 2(c) shows the values for (Y%gp; )min @S @ func-
tion of Am?. The number of degrees of freedom is 143. As
discussed in the Appendix, the dip in (Y}gp; )min at Am? =
0.9 eV? is due to Bugey data preferring U,, # 0 values,
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while the minimum at Am?> ~ 10 — 30 eV? is due to
CDHS (mostly) and CCFR84 data, preferring U, # 0
values. The x? value for no-oscillations, (x%spr )noosc =
132.2, is the largest x* value in Fig. 2(c); this means that
the choice of parameters U,y = U,y = 0 provides the
best-fit to NSBL data, for the Am? values satisfying the
condition (YZgp; Jmin = (X&sBL)noosc- NOte that the Am? =
0.9 eV2, Am? =10 — 30 eV? dips in xggp. are consis-
tent with U,U,y = 0, and therefore with sin22¢9ﬂe =
prsnp = 0, but give better fits than the no-oscillations
hypothesis, U,y = U,4 = 0. In other words, the goodness
of fit for the sin’26 we = Prsnp = O region depends on the
Am? value considered.

Similarly, Fig. 2(d) shows the values for (x7 snp)min 28 @
function of Am?2, used to obtain the LSND allowed re-
gions drawn in Figs. 2(a) and 2(b).

We now present a slightly different approach to deter-
mine the statistical compatibility between the NSBL and
LSND datasets in (3 + 1) models, which will prove useful
in comparing the(3 + 1) and (3 + 2) hypotheses.

In Fig. 3, we show the values for the y? differences
AxspLs AXisnps as well as the corresponding confidence
levels 6nspLL, OLsND» as @ function of the LSND oscillation
probability. The curves are for the set of (3 + 1) models
with the neutrino mass splitting Am? fixed to the best-fit
value obtained in a combined NSBL + LSND analysis
(see Sec. IIIB), Am?> = 0.92 ¢V?, and mixing matrix
elements U 4, U,y treated as free parameters. The value
for Am? is chosen in this way because it represents to a
good approximation the value for which one expects the
best compatibility between the two datasets, as can
also be seen in Fig. 2(b). In Fig. 3(a), we map the
(Ues, Uyy) allowed space into the (prsnp. XXspL)s

(PLsnD» Xisnp) Spaces. For any given value of ppgnp,
the minima for the yqp; and x?snp functions are found

I_SNSBL
T
I_SLSND
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(a) x? differences AxZspr» Ax?snps @nd (b) individual confidence levels Syspr, Spgnp, as a function of the LSND

oscillation probability p;gnp, for the NSBL and LSND datasets. The curves are for (3 + 1) models with the neutrino mass splitting
Am? fixed to the best-fit value Am? = 0.92 eV? from the combined NSBL + LSND analysis, and variable mixing matrix elements
U 45 Uy The solid curves refer to the NSBL dataset, the dotted ones to the LSND dataset. The dashed horizontal lines in Figure
(b) refer to the 90%, 95%, 99% individual confidence levels, the dotted horizontal line gives the combined confidence level § =
SnspLlOrsnp + (1 — S1.snp)/2] for which the NSBL and LSND datasets are incompatible.
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in the two (U4, U,4) and one (U4 U ,4) free parameters
available, respectively. The process is repeated for several
pLsnp Values, and the collection of these minima for all
values of pignp give the two curves in Fig. 3(a). The
individual confidence levels Onspr, Orsnp, Shown in
Fig. 3(b), are obtained from A x{sp; . A X7 snp in the usual
way, by assuming one and two free parameters for the
LSND and NSBL datasets, respectively.

We now address how to extract areas in parameter
space of a given combined confidence é from two inde-
pendent experimental constraints, in our case obtained
via the NSBL and LSND datasets, without assuming
statistical compatibility a priori. The most straightfor-
ward way (described, for example, in [30,31]) is to assign
a confidence level 8 = Sxgpr[Srsnp + (1 — S1snp)/2] to
the overlapping part (if any) between the two separate
allowed regions in parameter space which are found with
the constraint Synsgr, = Srsnp. The extra factor (1 —
S1.snp)/2 is due to the fact that the LSND allowed region
in the oscillation probability is two-sided, and overlap
with the NSBL result on the same probability is obtained
only for downward fluctuations in the LSND result, and
not for upward ones.

From Fig. 3(b), we find overlapping allowed ranges in
PLSND for 1 — 6NSBL =1- SLSND =~ 2.4%. We conclude
that, in (3 + 1) models, the LSND and NSBL datasets are
incompatible at a combined confidence of 6 =~ 96.4%. In
our opinion, this value does not support any conclusive
statements against the statistical compatibility between
NSBL and LSND data in (3 + 1) models, although it

PHYSICAL REVIEW D 70 073004

represents poor agreement between the two datasets.
The reader should also refer to Sec. V D, where a different
method to quantify the compatibility between the NSBL
and LSND results is discussed. Future short-baseline
constraints on v, — v, appearance, as well as on v,
and v, disappearance, should be able to definitively es-
tablish whether (3 + 1) models are a viable solution to
explain the LSND signal.

B. Combined NSBL + LSND analysis

The second analysis we perform is a combined
NSBL + LSND analysis, with the purpose of obtaining
the (3 + 1) allowed regions in parameter space, in both
(sin?20,,,, Am?) and (pysnp, Am?) space. A combined
analysis of this sort assumes statistically compatible re-
sults. In Sec. IIT A, we have shown that the LSND and
NSBL results are marginally compatible, for (3 + 1)
models. In the following, we refer to the NSBL +
LSND dataset as the short-baseline (SBL) dataset, and
we construct the y? function

X3BL = XxseL T Xisnps (®)

where the two contributions y%gp; and x7snp are now
simultaneously minimized with respect to the same set of
three oscillation parameters Am?, U,,, U e

Figures 4(a) and 4(b) show the 90%, 95%, and 99% CL
three-dimensional allowed regions in (Am?, U,y U,4)
projected onto the (sin*260,,, Am?) and (ppsnp, Am?)
two-dimensional regions, respectively, from the com-
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FIG. 4. Allowed regions in parameter space from a combined analysis of NSBL and LSND data, in (3 + 1) models, assuming
statistical compatibility of the NSBL and LSND datasets. Figure (a) shows the 90%, 95%, and 99% CL allowed regions in

(sin%26 e

Am?) space, together with the best-fit point, indicated by the star; (b) shows the same allowed regions in (pygnp, Am?)

space; (c) shows the minimum x? value obtained in the combined analysis as a function of Am?. The number of degrees of freedom

is 148.
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bined (3 + 1) analysis of SBL data. In this combined
analysis, we use the same Monte Carlo method described
in Sec. III A. We define the allowed regions in parameter
space by performing a global scan. For example, the 95%
CL allowed region in the three-dimensional space
(Am?, Uy, U,y is obtained by requiring xig —
(X2 min < 7-82, where (x2p; )min 1S the global minimum
x* value. Figure 4(c) shows the minimum x3g; values
obtained in the combined fit, as a function of Am?2. Of
course, the g values shown in Fig. 4(c) for any given
Am? value are larger than the sum of the two contribu-
tions xZspr» Xisnp» Shown in Figs. 2(c) and 2(d), for the
same Am? value, since the latter were separately mini-
mized with respect to the oscillation parameters.
Similarly, Figs. 5(a) and 5(b) show the projections of
the 90%, 95%, and 99% CL allowed regions in
(Am?, U,, U,) onto the (sin*26,, Am?) and
(sin®26,,,, Am?) space, respectively, from the combined
(3 + 1) analysis of SBL data. The zenith angle distribu-
tion of atmospheric muon neutrinos provides a constraint
to sinzﬁlm that is not included in this SBL analysis;
mixings to the right of the dashed vertical line in
Fig. 5(b) are excluded at 90% CL by atmospheric neutrino
results [27]. The global x> minimum is x3g = 144.9
(148 d.o.f). This y? value indicates an acceptable fit,
assuming that the goodness-of-fit statistic follows the
standard x? p.d.f. [25]; for an alternative goodness-of-fit
test, the reader should refer to Sec. VD. The individual
NSBL and LSND contributions to the y*> minimum are
Xéspr = 137.3 and xinp = 7.6, respectively. This best-
fit point corresponds to the mass and mixing parameters
Am? =0.92 eV2, U,, = 0.136, U4 = 0.205.
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IV. RESULTS FOR (3 + 2) MODELS
A. Statistical compatibility between NSBL and LSND

Having introduced the relevant oscillation probability
formula in Eq. (5), and the statistical estimator p;gnp to
compare the NSBL and LSND results in Sec. IIT A, we
can now quantitatively address the statistical compatibil-
ity between the NSBL and LSND datasets under the
(3 + 2) hypothesis.

Ideally, we would like to determine the NSBL upper
limit for p; gnp, for all possible combinations of the mass
parameters Am3;, Am2,. This entails performing a scan
equivalent to the one described in the (3 + 1) case as a
function of Am3,, shown in Fig. 2. In practice, the CPU-
time requirements to pursue this route were prohibitive.

An easier problem to tackle is to determine the statis-
tical compatibility between the NSBL and LSND datasets
only for the (3 + 2) models with mass splittings Am7,,
Am%1 fixed to their best-fit values, as obtained by the
combined NSBL + LSND analysis that we present in
Sec. IVB. In Sections IIT A and III B, we have demon-
strated that, at least for (3 + 1) models, this choice is a
good approximation for the best possible statistical com-
patibility (see Figs. 2 and 4).

In Fig. 6, we show the behavior of the y? values
AxZspr and A xZqp» and of the confidence levels Syggr.
and &y gnp, as a function of pygnp, for the set of (3 + 2)
models satisfying the requirements Amj, = 0.92 eV2,
Amz, =22 eV2. By analogy with Fig. 3, we map
the four-dimensional space (U,y, U4, U,s, U,s) into
the two-dimensional spaces (prsnp, X&sp) and
(PLsnD» XEspr)s and we plot the minimum x? values

& !
| - | I

% C a) C ! b)
Nv : : |
g [ i :
I
10 = = 1
| - = I
F - — |
C C |
=< == 1
I
1 |k — !
g@’ = N
= = I

Y C 1 'ﬁ
R i |
I

1071 ll‘lll‘lll‘lll‘ll lll‘llll‘lll‘lll‘ll
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sin’ 20, sin” 20
Ky

FIG. 5.

Allowed regions in the parameter spaces relevant for v, and v, disappearance from a combined analysis of NSBL and

LSND data, in (3 + 1) models, assuming statistical compatibility of the NSBL and LSND datasets. Figure (a) shows the 90%, 95%,
and 99% CL allowed regions in (sin*26,,, Am?) space, together with the best-fit point, indicated by the star; (b) shows the same

allowed regions in (sin2249ML,

Am?) space. Mixings to the right of the dashed vertical line in Figure (b) are excluded at 90% CL by

atmospheric neutrino results [27], which are not included in this analysis.
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(a) x? differences A XZNSBL and A XiSND’ and (b) individual confidence levels dnggr, and &) snp, as a function of the LSND

oscillation probability p; snp, for the NSBL and LSND datasets. The curves are for (3 + 2) models with the neutrino mass splittings
Am3, and Am?,, fixed to the best-fit values Am3, = 0.92 eV2, Am?, = 22 eV? from the combined NSBL + LSND analysis, and

variable mixing matrix elements Uy, Uy,

U.s, Uy,s. The solid curves refer to the NSBL dataset, the dotted ones to the LSND

dataset. The dashed horizontal lines in Figure (b) refer to the 90%, 95%, 99% individual confidence levels; the dotted horizontal
line gives the combined confidence level & = Snspi[Orsnp + (1 — S1snp)/2] for which the NSBL and LSND datasets are

incompatible.

obtained for any given value of p;gyp. The confidence
levels shown in Fig. 6(b) are obtained from Fig. 6(a)
considering the four free parameters (Uep, U4, U,s,
U,s) in the XIZ\ISBL minimization process, and the two
free parameters (U4 U 4, U,sU ,5) for X snp-

From Fig. 6(b), we find that, in (3 + 2) models, the
NSBL and LSND datasets are incompatible at an indi-
vidual confidence level of dngg;, = O snp = 1 — 0.215 =
78.5%, and at a combined confidence level 6 =
OnseLLOLsnp + (1 — 8 snp)/2] = 70.0%. Figure 6 should
be compared to Fig. 3, obtained for (3 + 1) models. A
detailed comparison of the (3 + 1) and (3 + 2) hypoth-
eses is presented in Sec. V.

B. Combined NSBL + LSND analysis

We now turn to a combined analysis of the NSBL and
LSND results in (3 +2) models, assuming statistical
compatibility between the two datasets. The purpose of
this combined analysis is to obtain the allowed regions in
the mass parameter space (Am3,, Am2,), regardless of
the simultaneous values for the mixing parameters.
Results will be shown for Am?; = Amj; the case
Am3, > Am2, can be obtained by simply interchanging
Amj, with Am2,. The 95% CL allowed region is defined
as the (Am3,, Am2,) for which x%g — (}3)min < 5.99,
where (x3p;)min i the absolute x> minimum for all
(Am3,, AmZ,) values. In the minimization procedure,
the mixing matrix elements U,, U,4, U,s, U,s, are
treated as free parameters.

Figure 7 shows the 90% and 99% CL allowed regions
in (Am3,, Am?,) space obtained in the combined (3 + 2)
analysis. In light of the (3 + 1) analysis shown in pre-
vious sections, the result is not surprising, pointing to
favored masses in the range Am3, =0.9 eV2, Am? =~

uds wnS»

10 — 40 eVZ, at 90% CL. At 99% CL, the allowed region
extends considerably, and many other (Am3,, Am2))
combinations appear. The best-fit model (x4z = 135.9,

145 d.o.f.) is described by the following set of parameters:
Am3i; =092 eV?, Uy =0.121, U,y = 0.204, Am2, =

~ 107 ; ;
N — s
> c ;
N : a
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FIG. 7. Allowed ranges in (Am3,, Am2,) space for (3 + 2)
models, for the combined NSBL + LSND analysis, assuming
statistical compatibility between the NSBL and LSND datasets.
The star indicates the best-fit point, the dark and light gray-
shaded regions indicate the 90 and 99% CL allowed regions,
respectively. Only the Am2, > Am?, region is shown; the
complementary region Am%;, = Am2, can be obtained by in-
terchanging Am3, with Am3,.
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22 eV?, U,s = 0.036, and Uus = 0.224. We note here that
the best fit is not obtained for fourth and fifth mass
eigenstates with degenerate masses, that is for Am3, =~
Amgl. The best-fit model we found for sub-eV neutrino
masses is Amj; = 0.46 eV2, U,y = 0.090, U4 = 0.226,
Am? =0.89 eV2, U, =0.125, U,y =0.160, corre-
sponding to x3g, = 141.5 (145 d.o.f.).

V. COMPARING THE (3 + 1) AND (3 + 2) FITS TO
SBL DATA

In this section, we discuss four statistical tests that can
be used to quantify the better overall agreement of SBL
data to a (3 +2) hypothesis for neutrino oscillations,
compared to a (3 + 1) one.

A. Test 1: NSBL upper limit on p; gnp at a given
confidence level ongp

Test one uses only NSBL data to establish the (3 + 1)
and (3 + 2) upper bounds on the LSND oscillation proba-
bility p;snp- From Figs. 3 and 6, we obtain at a confidence
level dyspr = 0.90(0.99):

(1) 3+ 1): prsnp < 0.100%(0.162%)

(i) 3 +2): prsnp < 0.186%(0.262%)

Therefore, we find that (3 + 2) models can enhance the
LSND probability p;snp by quite a large factor, com-
pared to (3 + 1) models. The increase in pygnp that we
obtain is significantly larger than the 25% increase found
in [32], which is based on a specific choice of mixing
parameters, as opposed to the complete parameter scan
performed in this work. The value for the v, — », oscil-
lation probability measured by LSND [6] is pisnp =
(0.264 * 0.067 = 0.045)%, where the errors refer to the
1o statistical and systematic errors, respectively.

B. Test 2: statistical compatibility between the NSBL
and LSND datasets

Test two uses both the NSBL and LSND datasets, and
treats them independently to find the combined confi-
dence level & = SnspLlOrsnp + (1 — Sisnp)/2]  for
which the datasets are incompatible, both in (3 + 1) and
(3 + 2) models. The combined confidence levels can also
be read from Figs. 3 and 6:

(1) 3+ 1): 6 =96.4%

(i) 3+ 2): 6 =70.0%

Therefore, we find that in (3 + 1) models the two datasets
are marginally compatible, and the agreement is better in
(3 + 2) models.

C. Test 3: likelihood ratio test

Test three combines the NSBL and LSND datasets into
a single, joint analysis. The likelihood ratio test [35]
provides a standard way to assess whether two hypotheses
can be distinguished in a statistically significant way. We
define the maximum likelihood £; from the minimum y?

PHYSICAL REVIEW D 70 073004

values (X2 Jmini 88 L£; = exp[—(x3p1)min.i/2], Where the
index i = 1, 2 refers to the (3 + 1) and (3 + 2) hypoth-
eses, respectively. We can then form the likelihood ratio
Ay = L/ L, If the (3 + 1) hypothesis were as adequate
as the (3 + 2) hypothesis in describing SBL data, the
quantity

X123 = —2InA;5 = (X3 )min1 — XL )minz (9

should be distributed as a y? distribution with three
degrees of freedom, where the number of degrees of free-
dom is the difference in the number of mass and mixing
parameters in the (3+2) and (3+ 1) hypotheses,
6—3=3

In our combined fits, we obtain (see Sections III B and
IV B):

1) B+ 1): (¥ )min1 = 144.9, (148 d.o.f.)

(1) (3 +2): 1 (X3pr)min2 = 135.9, (145 d.o.f.)
and therefore x{,(3) = 9.0. This value is significantly
larger than three; the probability for a y? distribution
with 3 degrees of freedom to exceed the value 9.0 is only
2.9%. In other words, according to the likelihood ratio
test, the (3 + 1) hypothesis should be rejected compared
to the (3 + 2) one at the 97.1% CL. Therefore, based on
this test, we conclude from test three also that (3 + 2)
models fit SBL data significantly better than (3 + 1)
models.

D. Test 4: compatibility using the “parameter good-
ness of fit”

Test four uses both the results of the individual NSBL
and LSND analyses, as well as the results of the
combined NSBL + LSND analysis. The test is based
on the ‘“parameter goodness of fit” [36] to compare
the compatibility of the NSBL and LSND results under
the (3 + 1) and (3 +2) hypotheses. The test avoids
the problem that a possible disagreement between
the two results is diluted by data points which are insen-
sitive to the mass and mixing parameters that are com-
mon to both datasets. The number of parameters common
to both datasets is P, = 2 in (3 + 1) models, and P, = 4
in (3 +2) models. One possible choice of common
parameters is (Amj,, U,U,s) for (3 +1) models,
(Am3,, UunU,s Amid,, UxsU,s) for (3 +2) models.
The test is based on the statistic xpg = XpgnspL T

2 — (2 _
where XponseL = (XNsL)sBLmin

Xl %’G,LSND’
(XIZ\ISBL)NSBLmin and X]zn(;,LSND = (X]%SND)SBLmin -
(X?snp)svpmin are the (positive) differences for the
NSBL and LSND y? values obtained by minimizing
the entire SBL y? function, minus the y? values that
best fit the individual datasets.

Table I gives the values for the parameter goodness of
fit PG as defined in [36], based on the y3q statistic, and
the number of parameters common to the NSBL and
LSND datasets, P.. This test shows a dramatic improve-

073004-9



M. SOREL, J.M. CONRAD, AND M. H. SHAEVITZ

TABLE I. Parameter goodness-of-fit PG, as defined in [36],
to test the statistical compatibility between the NSBL and
LSND datasets under the (3 + 1) and (3 + 2) hypotheses. The
quantities xj;nspL and XFg snp are the NSBL and LSND
contributions to the test statistic y3g defined in the text; P,
indicates the number of parameters common to both datasets.

Model Xlz)G,NSBL XlznG,LSND X 12’G P, PG (%)
B+1) 11.8 43 16.1 2 3.2-1072
(3+2) 7.1 4.4 11.5 4 2.1

ment in the compatibility between the NSBL and LSND
results in going from a (3 + 1) to a (3 + 2) model, raising
the compatibility by nearly 2 orders of magnitude, from
0.03% to 2.1%. It will be interesting to investigate if
(3 + 3) models can improve the compatibility further.
The resulting compatibility levels obtained with the pa-
rameter goodness-of-fit method are lower than those
found in Sec. V B; this, however, is not surprising, since
the two statistical tests are quite different.

VL. ADDITIONAL CONSTRAINTS

The (3 + 1) and (3 + 2) models discussed in this work
should be confronted with additional experimental con-
straints, other than the ones discussed in detail in the
previous sections. We limit ourselves here to list and
comment on some of these constraints, rather than ad-
dress them in a quantitative way. Mostly, we will discuss
the impact that such additional constraints may have on
the best-fit (3+ 1) and (3+2) models found in
Sections III and TV.

First, nonzero mixing matrix elements Uy, U4, U,s,
and U,s may cause observable effects in atmospheric
neutrino data, in the form of zenith angle-independent
suppressions of the »,, and v, survival probabilities. Since
our analysis of SBL data tends to give larger values for
muon, rather than electron, flavor content in the fourth
and fifth mass eigenstate, the effect should be larger on
muon atmospheric neutrinos. For example, the (3 + 1)
and (3 + 2) best-fit models from Sections III B and IV B
would give an overall suppression of the v, flux of 8%
and 17%, respectively. The size of the effect of v, — v,
oscillations at high Am? is comparable to the current
accuracy with which the absolute normalization of the
atmospheric neutrino flux is known [37], which is ap-
proximately 20%. A more quantitative analysis using the
full Super-Kamiokande and MACRO spectral informa-
tion [27] puts an upper bound of 16% at 90% CL on this
high Am? contribution to the atmospheric v, flux sup-
pression (in the notation of Ref. [27], this suppression is
parametrized as 2d,(1 —d,), where d,, <0.09 at 90%
CL). Therefore, it is expected that the inclusion of atmos-
pheric neutrino data in this analysis would pull the best-fit
muon flavor components in the fourth and fifth mass

PHYSICAL REVIEW D 70 073004

eigenstates to lower values, but not in a dramatic way
[see also Fig. 5(b)].

Second, models with large masses m, and ms, and with
nonzero mixing matrix elements U,, and U,s, should be
confronted with tritium B decay measurements. The
presence of neutrino masses my and ms introduces kinks
in the differential B8 spectrum; the location in energy of
the kinks is determined by the neutrino masses, and the
size of the kinks is determined by the amount of electron
flavor component in the fourth and fifth mass eigenstates.
For a spectrometer integrating over the electron energy
interval & near the 8 decay endpoint, the count rate is
[38]

_R c 2 (82 2\3/2
n(5)—§;Uei(5 — m?)3/2, (10)

where the quantity R does not depend on the small neu-
trino masses and mixings, n =4 orn =5 for (3 + 1) or
(3 + 2) models, respectively, and we have assumed & >
m;, i =1, ..., n,and CP-invariance. From the experi-
mental point of view, tritium B decay results are gener-
ally expressed in terms of a single effective mass m(v,)

n() = 5152 = m(r 2P, (11)

where m(v,) is the fit mass parameter. In the limit 8% >
m,2 i=1, ..., nthe relation between the true masses

and mixings to the fitted mass m(»,) is independent from
the integration interval 6

m(v,)? = Z U2m?. (12)
i=1

The condition 62 > m?, i =1, ..., nis generally sat-
isfied for the neutrino masses considered in this paper, in
order to ensure sufficient 8 decay count rate statistics in
the experiments. Therefore, to a first approximation, we
can consider the effect of heavy neutrino masses niy, ms
only on the single mass parameter m(v,) fitted by the
experiments. A more general analysis assessing the sen-
sitivity of current and future 8 decay experiments to
multiple fitted neutrino masses, although highly desir-
able, is beyond the scope of this work; for further details,
the reader should consult Ref. [38]. The current best
measurements on m(v,)> come from the Troitsk and
Mainz experiments [39], which have very similar
m(v,)? sensitivities. Both found no evidence for a nonzero
m(v,)? value; the latest Mainz result is m(v,)> = —1.6 *
2.5+21eV%orm(v,) =22 eVat95% CL, using § =
70 eV [39]. Now, assuming a normal hierarchy (m; <
my <ms) with m; =0, the B decay neutrino mass in
Eq. (12) can be written as m(v,)=~U*Am3, +
U2, Am2,; the best-fit (3 + 1) and (3 + 2) models found
in this analysis would give m(v,)> =0.017 eV? and
m(v,)? = 0.042 eV?, respectively, that is m(v,)* values

073004-10



COMBINED ANALYSIS OF SHORT-BASELINE. ..

well below the current experimental sensitivity. The
planned tritium B decay experiment KATRIN should be
able to improve the sensitivity to m(v,) by roughly an
order of magnitude in the forthcoming years, thanks to its
better statistics, energy resolution, and background rejec-
tion [40]. Specifically, the systematic and statistical (for
8 = 30 eV) uncertainties on the single fitted mass m(v,)?
quoted for KATRIN are 0.018 and 0.016 eV?, respec-
tively [40], which should provide some sensitivity to the
preferred (3 + 1) and (3 + 2) neutrino models with a
normal mass hierarchy, m; < m, < ms. We now consider
mass spectra with an inverted hierarchy, defined here
as my < m, for (3 + 1) models, and ms < my < m, for
(3 + 2) models. We note that for (3 + 2) models other
hierarchies are also possible, but those do not satisfy
the implicit assumption |Am2,| = [AmZ,| + |Amj,| taken
in this analysis. The 8 decay neutrino mass in Eq. (12)
can now be written as m(v,)? =|Amj| for inverted
(3 + 1) models, and as m(v,)* = |Am2,| for inverted(3 +
2) models. Clearly, in this case the 8 decay constraints
depend strongly on the values of |Am3,|, |Am2,|, and
models with = 5 eV? mass splittings are already severely
disfavored.

Third, introducing sterile neutrinos may affect a num-
ber of cosmological predictions, which are derived from
various measurements [41]. The standard cosmological
model predicts that sterile neutrinos in the ~1 eV mass
range with a significant mixing with active neutrinos
would be present in the early Universe with the same
abundance as the active neutrino species, in disagreement
with cosmological observations [42,43]. On the other
hand, several models have been proposed that would
reconcile sterile neutrinos with cosmological observa-
tions, for example, suppressing thermal abundances for
sterile neutrinos (see, e.g, Ref[42] and references
therein). In particular, active-sterile oscillations in the
early Universe may provide a natural mechanism to sup-
press the relic abundances of sterile neutrinos [44], and
scenarios invoking multiple sterile neutrinos are being
investigated [43].

VIL. CONCLUSIONS

We have performed a combined analysis of seven short-
baseline experiments (Bugey, CHOOZ, CCFR84, CDHS,
KARMEN, LSND, NOMAD) for both the (3 + 1) and
the (3 + 2) neutrino oscillation hypotheses, involving one
and two sterile neutrinos at high Am?, respectively. The
motivation for considering more than one sterile neutrino
arises from the tension in trying to reconcile, in a CPT-
conserving, four-neutrino picture, the LSND signal for
oscillations with the null results obtained by the other
short-baseline experiments. Multiple (e.g. three) sterile
neutrinos can also be motivated on theoretical grounds.

We have described two types of analyses for both the
(3+ 1) and (3 + 2) neutrino oscillation hypotheses. In
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the first analysis, we treat the LSND and the null short-
baseline (NSBL) datasets separately, and we determine
the statistical compatibility between the two. In the sec-
ond analysis, we assume statistical compatibility and we
combine the two datasets, to obtain the favored regions in
neutrino mass and mixing parameter space.

The main results of the analysis are summarized in
Sec.V, where we compare the adequacy of the (3 + 1) and
(3 + 2) hypotheses in describing neutrino short-baseline
data, by means of four statistical tests. First, we treat the
LSND oscillation probability as a parameter that can be
measured with NSBL data alone, and find that the NSBL
90% CL upper limit on the LSND oscillation probability
can be significantly relaxed by going from (3 + 1) to (3 +
2) models, by about 80%. Second, the combined confi-
dence level for which the NSBL and LSND datasets are
incompatible is determined to be 96.4% and 70.0% in the
analysis, for the (3 + 1) and (3 + 2) hypotheses, respec-
tively. Third, a likelihood ratio test of the two hypotheses
is discussed, and shows that the (3 + 1) hypothesis should
be rejected compared to the (3 + 2) one at the 97.1% CL.
Fourth, the parameter “goodness of fit” defined in [36]
shows much better agreement between the NSBL and
LSND results for (3 + 2) models than for (3 + 1) models.

In conclusion, we find that (3 + 1) models are only
marginally allowed when considering all of the seven
short-baseline results, including LSND, in agreement
with previous analyses [32—-34], and that (3 + 2) models
can provide a better description of the data. Only the
simplest neutrino mass and mixing patterns have been
fully characterized in the literature so far, and the analy-
sis described in this paper may be viewed as a simple
attempt to explore more generic scenarios, which appear
both experimentally and theoretically plausible. Given
the bright potential for precision measurements by neu-
trino oscillation experiments in the near future, a more
general phenomenological approach may be needed.
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APPENDIX: PHYSICS AND STATISTICAL
ASSUMPTIONS

In this section, we briefly describe the physics and
statistical assumptions used to obtain the approximate
characterizations of the short-baseline experiments used
in the analysis. For the analysis of the Bugey, CDHS, and
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KARMEN data, we also refer to the excellent reference
[34], which we followed closely.

The Bugey experiment [18] is sensitive to 7, disappear-
ance by measuring the charged-current interaction of
v,’s produced by two nuclear reactors at the Bugey nu-
clear power plant. Two liquid scintillator detectors, lo-
cated at different positions, are used. The signature for an
antineutrino interaction is a positron and a delayed light
pulse produced by the subsequent neutron capture on  Li.
Data are given for three baselines: 15, 40, and 95 m
between neutrino production and detection. We follow
the “normalized energy spectra” analysis discussed in
the Bugey paper [18]. The data are presented as ratios of
observed to predicted (for no-oscillations) positron en-
ergy spectra, between one and 6 MeV positron energy. We
use 25, 25, and ten positron energy bins for the 15, 40,
95 m baselines, respectively. In the x? analysis, fits in-
cluded not only the mass and mixing parameters, but also
five large scale deformations of the positron spectrum due
to systematic effects. The experimental positron energy
resolution and the neutrino baseline smearing are taken
into account; the neutrino cross-section energy depen-
dence within a positron energy bin is not (the energy
bin widths are small).

Similarly, the CHOOZ experiment [21] investigates 7,
disappearance by observing interactions of ¥,’s produced
by two nuclear reactors = 1 km away from the CHOOZ
detector. The signature for a neutrino interaction is a
delayed coincidence between the prompt e* signal and
the signal due to the neutron capture in the Gd-loaded
scintillator. We follow ‘““analysis A,” as discussed in the
CHOOZ paper [21]. Data are given as positron yields as a
function of energy. In this analysis, seven positron energy
bins, between 0.8 and 6.4 MeV, are considered, for which
the CHOOZ observations, as well as the predictions on
the positron yields for the no-oscillation case from both
reactors, are given in [21]. Because of the presence of two
reactor sources, the y? analysis comprises 14 positron
yield bins for a given energy/baseline. We use the full
covariance matrix to take into account the fact that the
yields corresponding to the same energy bin are extracted
for both reactors simultaneously, as is done in [21]. The
analysis fits for the systematic uncertainty in the absolute
normalization constant on the ¥, yield from the reactors,
in addition to the mass and mixing parameters. Since we
are interested in the Am? > 0.1 eV? range only, where no
energy shape distortions are expected, we neglect the
systematic uncertainty on the energy-scale calibration,
and the effect of the positron energy resolution.

The CCFR84 experiment [19] constrains v, and 7,
disappearance by measuring the charged-current interac-
tion of muon neutrinos and antineutrinos, produced by a
Fermilab secondary, sign selected beam yielding 40 <
E, <230 GeV neutrinos from 77~ and K~ decays in the
352 m long decay pipe. We refer here to the 1984 CCFR
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experiment (hence the label CCFR84 throughout the
text), which operated with two similar detectors located
at different distances from the neutrino source, 715 and
1116 m from the midpoint of the decay region, respec-
tively. The two sampling calorimeter detectors consisted
of steel plates and scintillation counters. Six secondary
beam momentum settings were used, five for neutrino
running, and one for antineutrino running. For each sec-
ondary beam momentum setting, the data are divided
into three neutrino energy bins, for a total of 18 energy
bins, from Ref.[45]. Data are presented as double ratios:
the far to near detector ratio of observed number of
events, divided by the far to near ratio of events predicted
for no-oscillations. As in [19], only the mean neutrino
energy for a given neutrino energy bin is used in the y?
analysis. The systematic and statistical uncertainties on
the far to near ratio normalization are taken into account.
The systematic uncertainty is assumed to be energy-
independent and totally correlated between any two en-
ergy bins. The neutrino pathlength smearing, mostly due
to the long decay region, is also taken into account.

The CDHS experiment [20] is also sensitive to v,
disappearance via the charged-current interaction of
v,’s, produced by a 19.2 GeV/c proton beam from the
CERN Proton Synchrotron. Two detectors are located at
130 and 835 m from the target. The detectors are sam-
pling calorimeters, with iron and scintillator modules
interspersed, to measure the range of a muon produced
in a neutrino interaction. Fifteen muon range bins are
used. The data are presented as double ratios: the far to
near detector ratio of the observed number of events,
divided by the far to near ratio of the number of events
predicted for no oscillations. Neutrino energy distribu-
tions are obtained for a given muon energy (or range) via
the NUANCE [46] neutrino cross-section generator. As
for CCFR84, the systematic uncertainty on the far to near
ratio and the neutrino baseline smearing are taken into
account.

The KARMEN experiment [22] investigates the 7, —
v, appearance channel, from »,’s produced in the ot
ut-decay at rest (DAR) chain of the ISIS neutrino source.
KARMEN measures the charged-current interaction
p(p,, e )n, with a liquid scinitillator detector located at
an average distance 17.7 m downstream of the neutrino
source. The 7, signature is a spatially correlated delayed
coincidence between a prompt positron and a delayed y
event from a (n, y) neutron capture reaction. In this
analysis, only the positron (‘““prompt’) energy distribu-
tion after all cuts is taken into account, given in [22]. The
data are binned into nine prompt energy bins, between 16
and 50 MeV (all bins are 4 MeV wide, except the highest
energy one, ranging from 48 to 50 MeV). In predicting the
prompt energy distribution for a set of mass and mixing
oscillation parameters, the given Monte Carlo positron
energy distribution, and the total number of events ex-

073004-12



COMBINED ANALYSIS OF SHORT-BASELINE. ..

pected after all cuts for full mixing and Am? = 100 eV?,
are used [47]. Energy resolution and baseline smearing
effects (due to finite detector size) are taken into account.
Given the low statistics of the nine KARMEN prompt
energy bins, we construct the y? function by first defining
the likelihood ratio [25]

_ f[n; u(0), b]
MO = b

where 0 denotes schematically all mass and mixing pa-
rameters, n, u(0) and b are the data, expected signal, and
expected background vectors with nine elements, and
fIn; (), b]are the probabilities for a Poisson process
with known background

(AD)

2 (uy + by exp[—(u; + b))l

f[n; n(6), b]= D o (A2)
We define xxrmen &
XxarMeN = —21nA(0). (15)

The LSND experiment at Los Alamos [6] is also sen-
sitive to v, — P, appearance, with a neutrino source and
detection signature similar to that of KARMEN, but with
better statistics. The LSND liquid scintillator detector is
located at an average distance of 30 m from the neutrino
source. As for KARMEN, in this analysis we consider
only the positron energy distribution arising from a 7,
interaction in mineral oil, published as five energy bins
between 20 and 60 MeV [6]. Our analysis ignores the
information arising from the higher-energy neutrinos
from pions decaying in flight, which has a smaller (but
non-negligible) sensitivity to oscillations compared to the
decay at rest (DAR) sample considered here. In our simu-
lation, we take into account the expected energy distri-
bution from u* decay at rest, the neutrino baseline
distribution for the 8 m long cylindrical detector, the
neutrino energy dependence of the cross-section for the
detection process p(7,, e")n (including nuclear effects,
simulated with the NUANCE [46] neutrino cross-section
generator), and the experimental energy resolution. We
use the published numbers for the background expecta-
tions, the number of », events for 100% v, — v, trans-
mutation, and for the efficiency of the event selection
criteria. We construct the LSND x? function in the
same way as we construct the one for KARMEN, because
of the low statistics of the data sample.

Finally, the NOMAD experiment is sensitive to v, —
v, oscillations at Am?> = 1 eV? by looking for charged-
current muon neutrino and electron neutrino interactions
in the NOMAD detector [23]. The detector consists of a
large dipole magnet which houses drift chambers to
measure the momenta of the charged particles produced
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in neutrino interactions; transition radiation modules for
lepton identification; an electromagnetic calorimeter to
measure the energy of electrons and photons; a hadron
calorimeter for particle identification; and muon cham-
bers for muon identification. Neutrinos are produced by
impinging 450 GeV protons extracted from the CERN
SPS accelerator onto a thick beryllium target. The sec-
ondary particles produced in the target are focused into a
nearly parallel beam by two magnetic lenses, and decay
in a 290 m long decay tunnel to produce a ~10 —
100 GeV neutrino beam with about 1%v, contamination.
Neutrino interactions are then observed in the NOMAD
detector at an average distance of 625 m from the neu-
trino source. The v, — v, search is performed by com-
paring the measured ratio R,,, of the number of v, to v,
charged-current neutrino interactions with the one ex-
pected in the absence of oscillations. The data are binned
into 30 bins, covering ten bins in visible energy between
three and 170 GeV, and three radial bins in the neutrino
interaction vertex. A x? analysis is performed, using the
final NOMAD numbers on the observed and predicted
electron-to-muon ratio, including statistical errors as
well as the full error matrix describing systematic uncer-
tainties and uncertainty correlations over different bins
[48]. In predicting the effect of v, — v, oscillations
under any mass and mixing hypothesis, the contribution
to R,, from oscillations with full mixing and Am? =
5000 eV? expected in NOMAD after all cuts are used
[48]. Energy resolution and baseline smearing effects
(due to the long decay region) are taken into account [23].

In Fig. 8, we show our calculations of the 90% CL
upper limits on oscillations as a function of Am? for the
six NSBL experiments considered here, as well as the
90% CL allowed region for LSND. The (x?)mi, values as
a function of Am? for all of the experiments are also
shown. All the solid curves shown are obtained from the
simplified analysis described here, and compare well with
the published results [6,18—23].

The LSND region obtained in our analysis of DAR
neutrinos is slightly shifted to the right compared to the
final LSND area, shown in Fig. 8(f) as a dashed line,
reflecting the difference in the two datasets. More de-
tailed LSND DAR analyses give results in rough agree-
ment with our allowed region [12,30].

The (x*)min values obtained for the Bugey and CDHS
experiments as a function of Am? give details that might
seem surprising, at first. Slightly better fits to the data are
obtained under a neutrino oscillations hypothesis, as
opposed to the no-oscillations one. Therefore, we add a
final comment to explain the results of these fits.

The Bugey fit is driven by the data at the shortest
baseline, 15 m, where the statistical errors on the ob-
served positron spectrum from ¥, interactions are the
smallest. As explained in Ref.[18], systematic uncertain-
ties are taken into account by allowing for linear defor-
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90% CL upper limits on oscillations derived in this analysis for the following NSBL experiments: (a) Bugey, (b) CHOOZ,

(c) CCFR&4, (d) CDHS, (e) KARMEN, (g) NOMAD. Figure (f) shows the LSND 90% CL allowed region obtained with the decay-
at-rest analysis described in the Appendix (solid line), superimposed to the published LSND 90% CL allowed region (dashed line).
Also shown are the (y?), values as a function of Am? obtained by all the experiments considered individually. The number of
degrees of freedom is 58 in Bugey, 12 in CHOOZ, 16 in CCFR84, 13 in CDHS, seven in KARMEN, three in LSND, 28 in NOMAD.

mations, as a function of positron energy, of the ratio of
observed to predicted positron yields. The values of
(XBugey)min s a function of Am?® are explained by the
fact that, for certain Am? values, an oscillatory fit to the
15 m positron spectrum ratio describes the data margin-
ally better than any straight line. Our best-fit oscillation

hypothesis to Bugey data only is Am? = 0.92 eV?,
sin?26,, = 0.05.

For CDHS, the (xZpys)min curve in Fig. 8(d) has a
minimum at Am? =~ 20 — 30 eV2. This minimum is due
to the fact that the far/near v, rate ratio, corrected for the
baseline and detector mass differences between the two
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detectors (as well as other minor effects), is measured to
be slightly greater than one [20]: R ., = 1.044 = 0.023 =
0.025. This marginal deviation from one causes the fit
procedure to prefer more v, disappearance by oscilla-
tions in the near than in the far detector. Given the
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average v, energy (3.2 GeV) and pathlength (130 m)
for neutrinos interacting in the CDHS near detector,
this condition is satisfied in the Am? =20 — 30 eV?
range. Our best-fit oscillation hypothesis to CDHS data
only is Am? = 24 eV?, sin*26,,,, = 0.29.
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2.3 Short-baseline neutrino experiments and lep-

tonic CP-violation

One of the most pressing open questions in neutrino physics today is whether or
not leptons, like baryons, do not conserve the fundamental CP symmetry. The con-
sequences of a leptonic CP symmetry violation would be far-reaching and extend
beyond the realm of particle physics, possibly being related to the matter-antimatter
asymmetry observed in the Universe today.

In the standard paradigm of three active neutrino mixing occurring at the solar
and atmospheric oscillation scales only, leptonic CP violation would yield different
vacuum oscillation probabilities for neutrinos and antineutrinos that could be ob-
served with accelerator-based neutrino oscillaiton appearance experiments operating
near the atmospheric oscillation maximum. This is because CP-odd terms in the os-
cillation probability formula would appear from solar/atmospheric interference terms
involving the single CP-violating Dirac phase appearing in the neutrino mixing ma-
trix. An ambitious experimental program is currently being planned to try to measure
this CP-violating phase.

Neutrino models involving active/sterile neutrino mixing at the LSND neutrino
mass splitting scale via at least two sterile neutrino states would open the possi-
bility for further manifestations of leptonic CP violation, including ones that could
be measurable with neutrino appearance experiments at short baselines also. In the
following, short-baseline leptonic CP-violation in (342) sterile neutrino models is
discussed, based on work done in collaboration with A. Aguilar-Arevalo, V. Barger,
J. Conrad, M. Shaevitz, and K. Whisnant [3]. The first main result of this work is
that a combined analysis of current short-baseline oscillation results allow for all pos-
sible values for the CP-violating phase that could be measurable at short baselines.
The second main result is that CP violation at short baselines could significantly al-

ter the expectations for oscillations in MiniBooNE neutrino running mode, based on
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the LSND antineutrino oscillation signal indication. In this scenario, an additional
MiniBooNE antineutrino run would be highly desirable. Third,, the studies show
that the combination of high-statistics MiniBooNE v, — v, and v, — 7, searches
could, under favorable circumstances, lead to the measurement of this short-baseline

CP-violating phase.

2.3.1 Neutrino oscillation formalism

For N neutrino species, the general neutrino oscillation formula is:

P(va — vg) = bap — Y _(ARe[Ug;Us,UsUsi] sin® aj; — 2Im[Us; Uy Uj,Usi) sin 22:5:)
1<j

(2.1)

where o, 8 = e, u, 7, or sterile flavor, 4,7 =1,..., N, z;; = 1.27Am§iL/E, the neu-

2

trino mass splitting Am;

; = m3—m; is in eV?, the neutrino baseline L in km, and the
neutrino energy E is in GeV. Therefore, there are, in general, (N — 1) independent
mass splittings, N — N(N — 1)/2 independent moduli of parameters in the unitary
mixing matrix, and (N — 1)(/N — 2)/2 CP-violating phases that may be observed in
oscillations.

In short-baseline neutrino experiments that are sensitive only to v, — v, v, — v,
and v, — v, transitions, the set of observable parameters simplifies considerably.
First, oscillations due to atmospheric and solar mass splittings can be neglected in
this case, or equivalently one can set m; = my = mg3. Second, mixing matrix elements
that measure the 7 neutrino flavor fraction of the various neutrino mass eigenstates
do not enter in the oscillation probability. In this case, the number of observable pa-
rameters restricts to (N — 3) independent mass splittings, 2(/N — 3) moduli of mixing
matrix parameters, and (N — 3)(INV —4)/2 CP-violating phases. Therefore, for (3+2)
sterile neutrino models depicted in Fig. [2.1] there are two independent mass splittings
Am3, and Am2,, four moduli of mixing matrix parameters |Ues|, |Uual, |Uesl, |Uusl,

and one CP-violating phase. The convention used in the following for this CP-phase
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Figure 2.1: Flavor content of neutrino mass eigenstates in (3+2) models. Neutrino masses
increase from bottom to top. The v, fractions are indicated by right-leaning hatches, the v,
fractions by left-leaning hatches, the v, fractions by crosshatches, and the vs fractions by

no hatches. The flavor contents shown are schematic only.

is:
¢54 = arg(UesU, U4 Us) (2.2)

e

Under these assumptions, the general oscillation formula in Eq. can be rewrit-
ten as:
PWe = va) = 1 =41 = |Usa|* = |Uas]?) + (|Uaa)? sin® xyy + |Uys|? sin® z51) +

+|Ua4|2|Ua5|2Sin2 T54 (23)
P(I/a — VB) = 4|Ua4|2|U54|28in2 T41 + 4‘Ua5’2|Uﬂ5‘2 SiIl2 T, +
8|Uas||Uss||Uas||Upa| Sin x4y sin x51 cos(z54 + ¢54) (2.4)

for « = [ and o # f3, respectively. The formulas for antineutrino oscillations are

obtained by substituting ¢s4 — —@54.
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2.3.2 Analysis method

The analysis method used for CP violation studies at short baselines uses similar tools
to the ones described in [2], plus a realistic simulation of the MiniBooNE sensitivity

(=)

- (=) a1 . . : . .
to v',— v, oscillations, in both neutrino and antineutrino running modes.

Parameter estimation via Monte Carlo techniques

The analysis uses the same seven short-baseline datasets on v, disappearance (from
the CCFR84 and CDHS experiments), v, disappearance (from the Bugey and CHOOZ
experiments), and v, — v, oscillations (from the LSND, KARMEN2, and NOMAD
experiments) as in Ref. [2] to estimate the range of fundamental neutrino parameters
in (34+2) models that are experimentally allowed. However, in this case, CP-violating
values for the phase ¢s54 from Eq. are also considered, allowing for different
neutrino and antineutrino oscillation probabilities in Eq.

The Monte Carlo method used in the analysis to estimate the regions in neutrino
parameter space that are experimentally allowed by short-baseline results is very
similar to the one described in Ref. [2]. Slight modifications to this method have been
applied in this case, mainly because of the larger dimensionality of the parameter
set present in CP-violating models compared to CP-conserving ones. Rather than
generating neutrino masses and mixings in a random, unbiased, way, importance
sampling via a Markov chain Monte Carlo method is used [4, 5] , to better sample
the regions in parameter space that provide a good fit to short-baseline data. Given a
starting point (model) z; in the (Am?,, |Uedl, |Upal, Am3,, |Ues|, |Uus|, ¢54) parameters
space, a trial state x;.1 = x; + e that depends only on the current state x; and
on the probability distribution function for the random vector e is generated. The
probability for the trial state z;,1 to be accepted as the new current state for further

model random generation is given by the transition probability:

P(z; — w441) = min{1,exp[—(x7}1 — x7)/T1} (2:5)
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where x? and x7,, are x? values for the states z; and z;,1, quantifying the agreement
between the models and the short-baseline results used in the combined analysis, and
T is an effective “temperature” parameter. The results presented here are obtained
by combining various Markov chains with different initial conditions, probability dis-

tribution functions for e, and temperature parameters.

MiniBooNE sensitivity

This analysis also provides realistic estimates of the sensitivity to (1;)“—>(1;)e oscil-
lations that can be achieved with the MiniBooNE experiment, in the framework of
CP-conserving and CP-violating (3+2) sterile neutrino models that are currently al-
lowed.

The MiniBooNE sensitivity to (3+2) sterile neutrino oscillations is computed us-
ing the full MiniBooNE simulations for neutrino fluxes, neutrino cross-sections, event
reconstruction and particle identification in the detector, as done in the MiniBooNE
Run Plan [6]. The analysis includes the expected neutrino statistics for 10*' pro-
tons on target in both neutrino and antineutrino running mode, background levels to
the v, /U, appearance searches from particle misidentification and intrinsic ,.’s in the
beam, systematic uncertainties associated with those backgrounds, and efficiency in
reconstructing and identifying the oscillation signal.

The expected electron neutrino rates for full v, — v, transmutation as a func-
tion of neutrino energy E, are shown in Fig. [2.2] for both neutrino and antineutrino
running modes. These distributions are weighted according to the oscillation proba-
bility formula in Eq. to estimate the number of oscillation signal events for any
(342) model prior to event reconstruction and particle identification. The sensitivity
calculation takes into account the differences in event rates in antineutrino versus
neutrino running modes (about a factor of four difference), and the “wong-sign”,
neutrino contribution to the overall event rate in antineutrino mode (a contribution

of about 30%), which has the effect of washing out CP-violating asymmetries. The
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Figure 2.2: Expected MiniBooNE electron neutrino rates for full v, — v. transmutation
as a function of neutrino energy E,, in neutrino (panel a)) and antineutrino (panel b))
running modes. The solid histograms are for neutrinos, the dashed ones for antineutrinos.
The histograms are normalized such that the overall rate in neutrino running mode is equal

to one.

MiniBooNE sensitivities for 10*! protons on target presented in the following can be
considered conservative, to the extent that they assume event counting only, and no

fit to the shape of the neutrino energy distribution of the signal is performed.

2.3.3 Results

CP-conserving case

Figure [2.3| shows predictions for the oscillation signals to be expected in MiniBooNE
neutrino and antineutrino modes, in the CP-conserving, (3+2) sterile neutrino model

scenario. The MiniBooNE signal expectations are given in terms of the oscillation
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Figure 2.3: Expected oscillation probabilities at MiniBooNE in neutrino and antineutrino

running modes, for CP-conserving (3+2) models. See text for details.

probability of Eq. [2.4] weighted by the full transmutation rates:

0 4B pl = w)(No )+ No (7]
[dE [Ny )+ No (7)]

where E' is the neutrino energy, p(v, — v.) is the oscillation probability of Eq.

(2.6)

in the CP-conserving case (i.e, ¢54 = 0 or m), No(v) and Ny(7) are the neutrino and
antineutrino full-transmutation rate distributions in neutrino running mode from Fig.
2.2h), and Ny(v) and Ny(#) are the neutrino and antineutrino full-transmutation rate
distributions in antineutrino running mode from Fig. )

The bottom left panel in Figure shows the region in (ppoonE, PBooNE) SPace
that is allowed at the 90% and 99% confidence level (2 dof) by existing short-

baseline data used in the analysis, including LSND. The star indicates the best-fit, at
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PBooNE =~ PooNE = 0.14 - 1072. 'We note here that the effect of “fake” CP-violation
due to spectrum differences in neutrino and antineutrino running modes, which would
manifest themselves as departures from the dotted line in the bottom left panel of
Fig. [2.3] are at the few percent level at most.

The top left and bottom right panels in Fig. show the 1-dimensional projec-
tions of the x? contours obtained from existing short-baseline data, as a function of
PBoonE a0d DpoonE, respectively. The dashed lines at Ay?=2.70 and 6.63 indicate the
90% and 99% CL regions, respectively (1 dof). MiniBooNE is expected to measure
an oscillation probbaility in excess of ~ 0.07 - 1072 in the current neutrino running
mode, if CP-conserving (342) models are correct.

Figure [2.4] is the same as Fig. [2.3] with the exception that the MiniBooNE sen-
sitivities pPpoonE/0PBoonE and PpoonE/0PBoonE are shown instead of the oscillation
probabilities pgoonvE and Proonve. As mentioned before, the 1 o uncertainties 0pgoonE
and 0ppoonE associated with the measurement of the oscillation probabilities in neu-
trino and antineutrino running modes include both the statistical uncertainty of the
oscillation signal prediction (for 10?! protons on target), and the systematic uncer-
tainty of the background prediction.

The bottom left panel in Fig. shows that the antineutrino oscillation probabil-
ity significance is always lower than the neutrino oscillation probability significance,
for allowed, CP-conserving (342) sterile neutrino models, because of the inherent
lower event statistics. Moreover, it is found that the most likely MiniBooNE oscilla-
tion significances in an event counting only analysis are about 5o in neutrino mode,
and 40 in antineutrino running modes. we note here that these best-fit MiniBooNE
oscillation significances are obtained by including several null short-baseline results
in the analysis, which tend to reduce the magnitude of the LSND-only neutrino os-
cillation result.

The top left panel in Fig. shows that the MiniBooNE 99% CL sensitivity (1

dof), defined as ppoonE/0PBoonE = V6.63 = 2.57, just covers all the neutrino mode
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Figure 2.4: Ezxpected oscillation singificances at MiniBooNE in neutrino and antineutrino

running modes, for CP-conserving (3+2) models. See text for details.

oscillation signals from CP-conserving, (34+2) models allowed at 99% CL (1 dof).

CP-violating case

The same analysis methods and formalism presented above is now applied to CP-
violating, (342) sterile neutrino models. In this case, the CP-violating phase ¢54 can
assume any value between 0 and 27, and the neutrino and antineutrino oscillation
probabilities p(v, — v.) and p(¥, — 7.) are generally different. Therefore, the

oscillation probabilities in neutrino and antineutrino running modes, averaged over
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Figure 2.5: Illustration of oscillation probabilities to be expected at MiniBooNE in neutrino
and antineutrino running modes, for CP-violating, (3+2) sterile neutrino models. For this
particular plot, neutrino masses and mizings are fized to the values given in the text, while

the CP-violating phase ¢sq is allowed to vary between 0 and 2.
the MiniBooNE spectra, now read:

(=)
) _ JdE [p(vy — ve) No (v) +p(0, — ) No (V)]
P BooNE= =

(=)
JdE [No (v)+ No (7)]
Figure illustrates the order of magnitude of the CP-violating effects to be

(2.7)

expected. In this plot, neutrino masses and mixings are fixed to their best-fit values
of: Am3; = 0.92 eV?, |Uuy| = 0.123, |Uu| = 0.199, Am2, = 21 eV?, |Ugs| = 0.039,
|Uus| = 0.215, and the only parameter that is allowed to vary is the CP-violating
phase ®s54. In this particular case, neutrino/antineutrino running mode oscillation
probability differences as big as a factor of two can be obtained, near maximal CP-
violation (¢54 = 7/2 or 37/2).

Figure shows the oscillation probabilities to be expected at MiniBooNE in
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Figure 2.6: Expected oscillation probabilities at MiniBooNE in neutrino and antineutrino

running modes, for CP-violating (3+2) models.

neutrino and antineutrino running modes, in a CP-violating, (3+2) scenario. Un-
like Fig. 2.5 all parameters (Am?, |Ued|, |Upa|, Am?,, |Ues|, |Uus|, ¢54) are now al-
lowed to vary within the constraints provided by existing short-baseline oscillation
results. Compared to the CP-conserving case of Fig. , the best-fit point (indi-
cated by a star) does not change significantly; however, large asymmetries due to
CP-violation are now possible, shown by departures from the dashed line in the bot-
tom left panel of Fig. The general trend is that the 2-dimensional allowed
region in (PpooNE, PBoonE) SPace is tilted more horizontally compared to the dashed
line PpooNE = PBoonNE, indicating that existing short-baseline results constrain more
v, — U than v, — v, oscillations.

In the CP-violating case, MiniBooNE is expected to measure an oscillation prob-
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Figure 2.7: Ezxpected oscillation singificances at MiniBooNE in neutrino and antineutrino

running modes, for CP-violating (3+2) models.

baility in excess of ~ 0.04 - 1072 in the current neutrino running mode.

In Fig. [2.7 we show the expected MiniBooNE significances in neutrino and
antineutrino running modes, for an oscillation signal in the CP-violating (3+2) sce-
nario. If CP-violation is present, it is possible to have, for certain models, a higher
oscillation probability significance in MiniBooNE antineutrino mode rather than in
neutrino running mode. In particular, the MiniBooNE 90% CL sensitivity just covers
the 99% CL (1 dof) allowed oscillation range in antineutrino mode, and a lower cover-
age is obtained in neutrino mode. Opposite effects are also possible, and significances
of more than 10 ¢ in neutrino mode could be observed at MiniBooNE in this case.

From this analysis, it is clear that a MiniBooNE antineutrino run would be highly

desirable to fully address the LSND antineutrino oscillation signal indication.
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Finally, we discuss what are the present constraints on the CP-phase ¢54 that
are currently available from a CP-violating, (3+2) analysis of short-baseline data,
and what is the MiniBooNE CP-asymmetry sensitivity for these allowed values. The

CP-asymmetry is defined here as:

Acp = PBooNE — PBooNE (2.8)

PBooNE + ﬁBooNE

The uncertainty on the MiniBooNE CP-asymmetry measurement, d A¢p, is ob-
tained here by standard error propagation, assuming the 0pp,ong and 0ppynE UN-
certainties to be uncorrelated. This assumption should be reasonable, to the extent
that the MiniBooNE measurements are statistics-dominated, and it represents a con-
servative assumption.

The top left panel in Fig. [2.8 shows that all values for the CP-phase ¢54 are
presently allowed at the 99% confidence level, and that CP-violating, (342) models
with small degrees of CP violation are marginally preferred.

The bottom left plot shows that large CP asymmetry significances are possible
(but not required) for maximal CP-violation, given by phases of abound ®54 = 7/2
and 37/2. The dotted lines in the bottom right panel indicate the MiniBooNE 90%
and 99% CL sensitivity lines to a CP-violating asymmetry, defined as Acp/dAcp =
V/2.70 = 1.64 and v/6.63 = 2.57, respectively. The bottom left and right plots indicate
that a measurement of CP asymmetry at MiniBooNE with more than 3¢ significance
is possible under favorable circumstances, for CP-violating (3+2) models currently
allowed at the 99% confidence level, even though no significant CP asymmetry would

be observed at MiniBooNE in the most likely (3+2) scenarios.
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Figure 2.8: Current limits on the CP-violating phase ¢s4 from current short-baseline results,

and significance of a CP asymmetry measurement expected at MiniBooNE, Acp/dAcp.
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